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Summary

This report provides an overview of the qFX/DLX compiler. The source language
for the compiler is puFX, a Lisp dialect that is a subset of FX-91. pJFX is stati-
cally typed, and employs a type reconstrurtion algorithm to eliminate the need for
type declarations. The compile, ?roduces assembly code for the DLX, a simplified
RISC architecture introduced by Patterson and Hennessy in their text, Computer
Architecture: A Quantitative Approach.

izFX/DLX was written for the primary purpose of conducting experiments concerning
basic features of programming language implementation. For example, it is used in
the MIT graduate-level programming language course, where students are expected
to read, understand, and modify the compiler, in order to investigate the effects of
various optimizations.

The organization of the compiler and its intermediate forms are described via ex-
amples. The register usage, memory layouts, and calling conventions are explained.
Some suggested experiments are presented, and the annotated implementation of
p4FX/DLX is provided. The report is not entirely self-contained, as it does not com-
pletely describe the details of the source and target languages.
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Preface

This report represents a combination of several sources of documentation con-
cerning the pedagogical compilers which have been written for MIT EECS
course 6.821. The first such compiler was written by Jonathan Rees. That
compiler was used for several years between approximately 1987 and 1990. It
was modified in minor ways by Franklyn Turbak, Mark Sheldon, and James
O'Toole. Students made use of the compiler in the final problem sets of course
6.821.

During early 1991, Doug Grundman rewrote most of the compiler. Doug de-
signed the intermediate code representations and wrote a new backend for the
compiler which produced assembly code compatible with the DLX architecture
[2]. During the summer of 1991, Raymie Stata joined the compiler project.
Raymie and Doug rewrote portions of the compiler to improve performance,
implemented tail-recursive call optimization, and corrected the generation of
code which used the stack. Raymie also added support for more of the source
language (j&FX), and modified the garbage collector to avoid copying stack-
allocated data.

At the time of this writing, the compiler and associated simulation software
are being prepared for student use in the Fall 1992 semester of 6.821. Brian
Reistad is improving the typechecking phase of the compiler. This document
was compiled from three primary sources: Doug's general overview of the
compiler phases, Raymie's description of register usage conventions, and older
materials describing Rees's version of the compiler. These documents were
merged; some additional text and figures were added.

All of the software and documentation described in this report is available in
electronic form. We hope that this report will permit the reader to enjoy the
6.821 pedagogical compiler.

James O'Toole
Editor
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1 INTRODUCTION

1 Introduction

The MIT subject 6.821 is an introduction to programming language semantics and
pragmatics for graduate students. In the laboratory portion of 6.821, students read
and modify a simple compiler to gain hands-on experience with fundamental concepts
in compilation.

We have built a new compiler for the fFX programming language for use in the
class. The compiler, which generates code for Patterson and Hennessy's DLX archi-
tecture, was designed to be especially easy to understand and modify. The purpose of
this report is to make the compiler more accessible by explaining its organization and
providing an overview of various internal representations. Information for acquiring
a copy of the jFX software package and a simulator for DLX is in Section 5. Any
questions or bug reports concerning the software described in this report should be
sent via electronic mail to microf xbrokaw. lcs. mit. edu.

The /FX/DLX compiler was designed with two goals in mind. First, there was the
pedagogic goal: the compiler needed to be useful for teaching compilation techniques
to students. The second goal was that the compiler had to afford easy experimentation
by being easy to modify. That way, the compiler would be useful not only in the
classroom, but in a research setting as well.

These two goals - readability and writability - overshadowed all others in the
design of the compiler. pFX/DLX makes no pretense of being a production compiler.
Code quality and space efficiency have been largely ignored in favor of intelligibility.
For example, the compiler's code generator contains only a few special case code
improvements, and these were added only to improve the readability of the emitted
code.

These two primary goals determine that the compiler be as simple as possible,
and as modular as possible. The former aspect says that the compiler contains no
hidden intricacies to improve run-time performance or compilation speed, while the
latter decomposes the compiler into several simple passes that interact only through
well-defined and well-documented interfaces.

It follows that adding a new pass (such as an optimizer) is relatively easy, a.q iq
making modifications to any of the pre-existing passes. Experience has indeed shown
',his to be the case.

The remaining sections of this report discuss the features of the yFX language,
introduce the reader to the DLX target machine, give an overview of the compiler,
and tell where to obtain a copy of the software.

1.1 The yFX Language

,uFX is a subset of the FX-91 programming language [1, and may be thought of as a
cross between Scheme and ML. The pFX syntax is shown below.

pFX is lexically scoped, with all parameters passed by value. Like FX-91, pFX
is strongly typed, incorporating an ML-style type reconstructor. The language has
first-class procedures, tail-recursion, and garbage collection. Its primitive data types
include integers, characters, symbols, strings, references, and procedures.
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1.2 The Target Machine 1 INTRODUCTION

I E Identifier
E E Expression
N E Integer-Numeral
B E Boolean-literal = {#t, #f}
S E String-literal = character sequences delimited by double-quotes
L E Literal = Integer-Numeral U Boolean-literal U String-literal

E::= L
'I

(lambda (1*) EB)
(Eo E*)
(let ((I E)*) EB)
(letrec ((I E)*) EB)
(ref E)
(E)

E(:El 2)
(if E E2 E3)
(and E*)
(or E*)
(begin E*)

The language supported by the compiler uses the S-expression style in order to
simplify parsing and permit easy experimentation with new language features. A
number of primitive procedures are supported by the compiler as part of the runtime
library (see Appendix B).

1.2 The Target Machine

The DLX architecture was introduced by Patterson and Hennessy in their book,
Computer Architecture: A Quantitative Approach [2]. DLX has a generic RISC
instruction set very similar to that of the MIPS architecture. It has 32 32-bit general-
purpose registers, 32 32-bit floating-point registers, and no condition codes. There is
one data addressing mode: register indirect with (signed) 16-bit offset. All memory
accesses must be aligned according to the size of the referenced datum, otherwise
a trap occurs. DLX has a delay slot following each branch or trap instruction, but
differs from the MIPS architecture in that it has load interlocks.

There is a publicly available simulator for DLX, called dlzsim. The VFX/DLX
compiler emits code which runs directly on dlxsim, but also contains a built-in DLX
emulator that suffices for running small test cases. The simulator for DLX may be ob-
tained via anonymous ftp from max. stanford. edu in pub/hennessy-patterson. software.
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2 COMPILER STRUCTURE

2 Compiler structure

jiFX/DLX is organized into seven passes that make use of three intermediate forms:
exp, icode, and ocode. For modularity, the compiler passes communicate only through
these intermediate forms, which have been designed to be easy to understand and to
work with so that students need not deal with unnecessary obstacles.

The seven compiler passes are:

parser: converts s-expressions to ezps.
type reconstructor: annotates ezp nodes with type information.
translator: converts ezps to icode.
optimizer: icode to (improved) icode.
code generator: converts icode to ocode.
peephole optimizer: ocode to (improved) ocode.
output stage: ocode to assembly-code text.

The parser, type reconstructor, translator, and code generator have been mentioned
above. The local optimizer currently only implements tail calls. Although a peephole
optimizer is not currently implemented, the compiler provides for one so that delay
slot filling can be done. The final output stage takes care of formatting the instruc-
tions into an ASCII text representation so that dlxsim will accept the output file. It
also supplements the compiled program with a pre-written run-time support system
(see Appendix D), thus functioning as a simple linker.

The software comes with a built-in interpreter which can execute programs at the
ocode level. This interpreter, though slow, provides an easy way to test new compiler
features. It is outfitted with a run-time environment similar to that supplied for
running under dlxsim. Figure 2 shows the organization of the various stages of the
compiler and its associated ocode simulator.

2.1 Using the System

The system is written in mini-FX, which is a slightly larger subset of FX-91 than is
,uFX. Several commands have been implemented that allow the user to display the
output of any stage of the compiler. All of these procedures take a single argument
which is a /FX expression represented as an S-expression. This set of commands
includes:

0 (test-parse sexpr): prints a freshly-parsed representation of the AFX ex-
pression sexpr.

9 (check sexpr): type-checks sexpr.

* (show-type-check sexpr): type-checks sexpr and displays the parse tree an-
notated with the reconstructed type information.

a (itest-compile sexpr): compiles sexpr and prints (unoptimized) icode.

* (otest-compile sexpr): compiles sexpr and prints optimized icode.
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2 COMPILER STRUCTURE 2.1 Using the System
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Figure 2: Organization of pFX/DLX
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2.2 The "exp" Intermediate Form 2 COMPILER STRUCTURE

* (test-compile sexpr): compiles sexpr and prints DLX assembly code. This
is essentially ocode, printed in a more readable format.

a (fx sexpr): compiles sexpr, emitting a runnable DLX program in the file fx.s
in the current directory. This file is the output of test-compile with run-time
support code added. It is suitable for loading directly into dlxsim.

e (run sexpr): compiles and interprets sexpr, using the built-in ocode inter-
preter.

2.2 The "exp" Intermediate Form

The highest-level intermediate form - the "exp" form - is a parsed representation
of the source language. It encodes primitives (booleans, characters, integers, strings,
symbols and variables), abstractions, applications, conditionals, let, and letrec.
The parser desugars all other language features into these forms.

> (test-parse '(lambda (x) x))
(ABSTRACTION->EXP TY (X) (VARIABLE->EXP TY X))

In the above example, the micro-FX program is quoted to make it a scheme s-
expression. The parse tree which is returned indicates that this s-expression rep-
resents an abstraction. Inside the parse tree, TY stands for type information which
will be filled in by the type-reconstructor.

Each exp tree node contains a field to hold the type of an expression. The type of
each primitive constant is filled in at parse time; all others are filled in later by the
type reconstructor.

> (test-parse '((lambda (x) x) 19))
(COMBINATION->EXP TY (ABSTRACTION->EXP TY (X) (VARIABLE->EXP TY X))

((INT->EXP TY 19)))

In the above example, the closure is created and called with a list of arguments (19).
The type reconstructor implements generic polymorphism [1).

> (check '(lambda (x) x))
(-> (?X-l) ?X-l)

In this example, the type computed by the reconstruction phase is a function taking
an argument of type ?X-1 and returning a value of type ?X-1. The notatio ',-I
represents an unbound type variable, and indicates that the type-checking problem
is under-constrained. In other words, this function is polymorphic in the type of its
one argument.

The show-type-check procedure shows the parse tree for an expression with full
type information:

10



2 COMPILER STRUCTURE 2.3 The "icode" Intermediate Form

> (show-type-check '((lambda (x) x) 19))
(COMBINATION->EXP INT (ABSTRACTION->EXP INT MX) (VARIABLE->EXP INT X))

((INT->EXP INT 19)))

In this example, the type of the argument and result of the lambda expression have
been determined to be the same as the type of the integer constant 19.

2.3 The "icode" Intermediate Form

The middle-most intermediate form is termed "icode". Icode is designed to represent
programs at the lowest possible level of abstraction without explicit register refer-
ences. Type information present in the parse tree is also stored in the icode, although
it is not normally printed when icode is displayed. The absence of explicit register
references allows the issues of instruction selection and register allocation to be de-
ferred to a subsequent pass. This goal was achieved with one exception: icode knows
of the existence of an environment register so that the creation of closures can be
represented.

> (itest-compile '(+ 1 2))

Type: int

Icode:

START_ 1:
(return (+ 1 2))

Here, STARTI is a label, and the "return" line is a tree printed (roughly) in preorder.
STARTI always appears, and it is whei the execution of the compiled program
begins.

> (itest-compile '((lambda Cx) (+ x x)) 7))

Type: int

Icode:

START_ 1:
(return (call (alloc 2 ("LAMBDA_2" (r 2))) 7))

LAMBDA_2.:
(body (1) (return (+ (var 0 1) (var 0 1))))

In this example, the lambda body has been separated from the call. (alloc 2 C...))
allocates 2 locations, initializing them with the values shown as arguments (the lo-
cation LAMBDA_2 and register 2 (the previously-mentioned environment register)).
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2.4 The "ocode" Intermediate Form 2 COMPILER STRUCTURE

The instance of CALL shown here takes two "parameters": the first is the function
(closure), and the second is the function's parameter. Finally, (body (1) ... ) ac-
cepts one parameter, an expression, and runs it within a (newly-constructed) environ-
ment accepting 1 parameter. The icode form (vax 0 1) is a reference to the variable
x. For further explanation of environments and variable access, see section 3.2.1.

> (otest-compile '((lambda (x) (+ x x)) 7))

Type: int

Icode:
START_1:

(jump (alloc 2 ("LAMBDA_2" (r 2))) 7)
LAMBDA_2 :

(body (1) (return (+ (var 0 1) (var 0 1))))

In this example, the call-return sequence has been replaced with a jump, thus
implementing a tail-call. (JUMP has the same syntax as CALL.)

Any program expressed in icode takes the form of a list of labelled trees. The
job of the compiler pass converting exps to icode is primarily to separate lambda
bodies from the creation of corresponding closures. This explains why icode takes the
form of a list of trees rather than a single tree: any expression containing a lambda
sub-expression is split into two trees. One of these trees describes the creation of the
closure, while the other describes the function's code.

2.4 The "ocode" Intermediate Form

The lowest-level intermediate form is termed "ocode". It has a 1-1 correspondence
with DLX assembly code, and is converted to textual assembly code by the compiler's
final pass. The code generator could have been designed to emit assembly-code di-
rectly, but the use of an intermediate form like ocode facilitates the construction of
peep-hole optimizers, delay-slot fillers and the like.

12



3 THE R UNTIME ENVIRONMENT

> (test-compile '(+ 1 2))

Type: int

Object code:

Code:
START_1:

addi ARGO, ZERO, 2
addi ARGO, ARGO, 4
or VAL, ARGO, ZERO
lW ATEMP, 11(FP)
jr ATEMP
nop

This example shows the tiny program from above, fully compiled. The "1" and "2"
show up as "2" and "4" in the object code because they are tagged values (see section
3.1.1). There is an assumption here that this code has been called with the standard
calling convention. Both tagging and calling conventions will be explained more fully
in section 3.2.

3 The Runtime Environment

The compiler comes with its own runtime library. Included in the library are a memory
allocator (including a simple stop-and-copy garbage-collector), routines for saving and
restoring registers to and from frames, and miscellaneous built-in primitives and I/O
functions. The runtime library handles program invocation and termination, and
prints the result of each computation and memory usage statistics after each run.

3.1 Memory organization

All heap and stack memory is organized into blocks. Each block is a sequence of
four-byte slots whose address is a multiple of four. The main reason for this is that
in DLX, as in most other modem RISC processors, all memory references to pointers
or integers work only at four-byte boundaries. One particular slot in each block
is called the "size" slot and the remaining slots are called the "data slots." The
"size" slot is only accessible by the run-time system (which includes the memory
allocator), while the data slots are accessible to the user's program. This use of
explicit size information, though somewhat wasteful of memory, makes the system's
garbage collector easier to read and understand.

The slots of a block are numbered starting from -1. Slot -1 is the size slot. Slot
0 is the first data slot; slot 1 is the second data slot; etc. Objects start at the lower
address: the address of slot i + 1 is always four bytes past the address of slot i.

The system supports two memory allocation primitives: _SALLOC, which allocates
and zeroes a memory block from the stack, and .ALLOC, which allocates and zeroes a

13



3.1 Memory organization 3 THE R UNTIME ENVIRONMENT

memory block from the heap. If the stack memory allocator discovers that there is
insufficient stack memory available with which to satisfy the current .SALLOC request,
execution halts with an error. On the other hand, if the heap memory allocator
discovers that there is insufficient heap memory available with which to satisfy the
current .ALLOC request, it calls the run-time system's garbage collector in an attempt
to discover memory that may be reused. If this attempt is successful, .ALLOC proceeds
to allocate from the recycled memory, otherwise execution halts with an error.

3.1.1 Data Tagging

Any garbage collector neeo'• to be able to distinguish pointers into the heap from
miscellaneous integer v-Jues in the machine's registers. This is a run-time determi-
nation, and there are many ways that the compiler can help the garbage collector do
this. The way used in thie/ FX/DLX compiler is that of tagging values at run-time.
This relies on the convention that all data objects be aligned on even-byte boundaries
(ours are aligned on four-byte-boundaries)

The tag of a (4-byte) data item is its lowest bit. Our tagging convention is that
integers have a low bit of zero, while a pointer into the heap or stack has a low bit of
one. This means the compiler has to adhere to two more conventions so that things
all work. First, every integer n (and every atom representable in a single word) is
represented by 2 x n. This makes the low bit of every integer a zero at the cost of
decreasing the range of the integers we can represent and of complicating the code
for multiplication and d Aision (addition and subtraction work unchanged). Second,
every pointer is represented by a word value that is one (byte) greater than the
address of the object pointed-to. Since all objects are even-byte aligned, this makes
all pointers (which did have a low bit of zero) have a low bit of one. The cost is that
every memory reference through a pointer p must be adjusted at run-time to be a
reference through p - 1.

Executable code in our model resides neither in t,.,e heap nor in the stack, so
pointers into the code (such as return addresses) are never tagged. This agrees nicely
with the semantics of DLX's jump-and-link instruction.

In the compiler code, the function otag (offset tag) provides a convenient way to
name a slot; if p is a tagged pointer, p + otag(-1) is the machine address of the size
slot, p + otag(O) is the machine address of the first data slot, etc.

3.1.2 Stack conventions

The stack is organized as a stack of four byte slots. Thus, the stack pointer is always
moved in increments of four bytes. The stack register always contains the untagged
address of the first free slot on the stack. The stack grows downward in the DLX
address space.

Stack allocation of a block is done by subtracting the size of the object to be
pushed in bytes, including the size slot from the stack pointer. A properly tagged
pointer to the resulting block is the new stack pointer plus five. The runtime routine
.SALLOC allocates and zeroes a block on the stack and accumulates statistics about
stack space usage.

14



3 THE RUNTIME ENVIRONMENT 3.2 Calling convention

3.1.3 Garbage collection

Storage management is based upon a stop-and-copy garbage collector. In this scheme,
The heap is divided into two equal-sized semispaces. At any time, one is considered
"active" and the other "empty". Every heap allocation is made from the active

semispace. When the memory allocator finds that the active semispace has filled
up, it calls the garbage collector. The garbage collector swaps the active and empty

semispaces, then scans all blocks pointed-to by any register and any blocks transitively
accessible from any scanned block. It copies all of these accessible blocks into the
(newly) active semispace. The garbage collector does not copy any memory block that
is inaccessible, or any memory block on the stack (although any accessible blocks on
the stack are scanned to discover new pointers into the heap).

The registers which start the copying process are called the root set. The root
set includes all user data registers, the frame pointer, the environment pointer, and
the temporary VAL register. These registers are discussed further in section 3.2.
Of course, any register or block slot that does not contain a tagged pointer is not
considered to be a pointer by the garbage collector.

Note that if a block in the stack is not reachable from the root set then it will
not be scanned by the garbage collector. It is therefore safe to put data on the
stack that is not in the standard memory block format, as long as this data does not
include pointers which must be examined by the garbage collector. This is useful
when writing the assembly code routines that interface to the operating system.

3.2 Calling convention

The caller is responsible for preserving the values of all registers except for VAL,
ATEMP, and RETADR. Registers are saved in activation frames, which are linked
dynamically and form the "dynamic chain." The head of the dynamic chain is pointed
to by the frame pointer register FP (a tagged pointer).

Before each procedure call, an activation frame is allocated and linked into the
dynamic chain. All registers (except VAL, ATEMP, and RETADR) are saved in this
activation frame. Arguments to the procedure are evaluated and placed in registers
ARGO, ARGi, etc.

By convention, at the time of a procedure call, register ARGO holds a pointer to
the procedure being called and ARGn holds the nth formal. When the procedure is
called, the return address is stored into slot 2 of the activation record. The layout of
the activation record is indicated in Figure 3. The live registers are restored from the
current activation frame and computation continues.

At the end of a procedure body, the callee places the result in the VAL register
and jumps to the return address stored in the activation frame. When the callee
returns, the caller restores the stack pointer and frame pointer registers. Figure 4
shows the register usage of the pFX/DLX runtime system.

3.2.1 Representation of Environments

/oFX/DLX environments are represented in memory by chains of blocks (called ribs).
Indices 1 through n of each rib contain n values of a lexical environment's variables,

15



3.2 Calling convention 3 THE RUNTIME ENVIRONMENT

Offset Contents Comment
-1 frame size Caller saves these registers. Put

0 FP (dynamic chain) into frame when it is first alloc'd
1 SP (before frame was pushed!) before a procedure invocation.
2 return address
3 ENV Caller saves these registers by invoking
4 r6 -SAVE just before arguments to
5 r7 callee are evaluated. Restored after

S...... called procedure returns.
27 r29

Figure 3: The Frame Layout

Mnemonic Machine register number and Use
ZERO 0 Always zero - hardware convention

VAL 1 Val ret'd by proc, scratch, no one saves
ENV 2 Pointer to head of static chain, caller saves

FP 3 Pointer to head of dynamic chain, caller saves
SP 4 Stack pointer, caller saves
HP 5 Heap pointer, only used by ALLOC and GC

ARGO 6 Compiler temp, used to pass closure, caller saves
ARG1 7 Compiler temp, used to pass 1st argument, caller saves
ARG2 7 Compiler temp, used to pass 2nd argument, calle, .'.
ARG3 8 ...ditto for register up to and incl. r29...

ATEMP 30 Scratch, pass args to system routines, no one saves
RETADR 31 Used as scratch, no one saves

Figure 4: DLX Register Usage
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3 THE RUNTIME ENVIRONMENT 3.2 Calling convention

RIB 2
block

C 3
C 3.... ..................

d 4
...d . ° .... .°... ........

ENV e 5
r eg

RIB 1
block RIB;;

. I block
f 6 arbitrary

a 1. .........a ..............................

b 2

Figure 5: Example of Environment Representation

and index 0 contains a pointer to the parent environment. For example, consider a
set of three nested let expressions:

(let ((a 1)
(b 2))

(let ((c 3)
(d 4)
(e 5))

(let ((f 6))
Ibody)))

When Ibdy is evaluated, the environment structure is representci Fýv f l,
blocks shown in Figure 5. The variable names shown in Figure .5 art; not .
represented in the environment structure, only their values are. The names are shown
in the figure for documentation purposes only.

Variables are accessed by traversing ribs "backward" until the proper rib is found,
then by indexing "over" to set or retrieve the proper value. Thus, each accessible
variable may be referenced from a code location by knowing only its "back" and
"over" numbers. The compiler automatically maintains such numbers and does this
for the user. In icode, a variable reference is encoded by the low-level primitive
(var back over). In figure 5, f is (var 0 1), c is (var 1 1), d is (var 1 2), e
is (var 1 3), a is (var 2 1), and b is (var 2 2). In compiled code, (var x y)
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A THE DLX LVSTR UCTION SET

translates to x indirect references through the environment pointer followed by an
indexed access to the y-th component of that block.

4 Some Suggested Experiments

We have come up with a set of possible projects that illustrate various problems in
compilation, some of which are in use here at MIT. Our list includes:

* Implementing stack allocation of frames and of environments when analysis
shows this to be possible.

* The (re-)implementation of any one of the existing compiler phases (type re-
construction and code generation are good candidates).

e Replacing static links with displays.

* Allocating closures statically, or eliminating their construction altogether when
analysis shows this to be possible.

* Modify activation record allocation to save only the registers which are live at

the time of the call.

* Modify heap allocation to be performed inline instead of always calling _ALLOC.

* Adding new language features.

Further ideas for easy yet illustrative experiments for students would be valued.

5 Obtaining the Distribution in Electronic Form

Our system may be obtained via anonymous ftp from host brokaw. ics .mit. edu in
the directory pub/microfx. The package includes documentation, the compiler, run-
time library, ocode interpreter, and a compiler test suite. Mini-FY ;- a ilal.'.- -ia
anonymous ftp from the same host.

Appendices C and D contains the source code of the compiler and the run-time
library. This material is indexed by procedures, types, and variable names at the end
of this report. This appendix represents a snapshot as of February 12, 1992 of the 25
Mini-FX source files which are available via FTP.

The simulator for DLX may be obtained via anonymous ftp from the host max . stanford. edu.
in pub/hennessy-patterson. software, and is included in the pub am-rc_ .x :x
bution.

A The DLX Instruction Set

This appendix contains a brief description of the DLX instruction set, as used in
pFX/DLX. This description is based on the assembler and interpreter supplied with
dlxsim.

18



A THE DLX INSTRUCTION SET A. 1 Registers and Miscellany

A.1 Registers and Miscellany

32 32-bit integer registers (rO..r31); rO always reads as 0. 32 32-bit floating-pt registers

(f0..f31) (doubles use even-odd pairs). There are no condition code bits. DLX has

load interlocks. All loads and stores trap on unaligned access.

A.2 Integer Instructions

Operator Operands Comment
add d,sl,s2 [traps on overflow]
addi d,s,i16 [traps on overflow] (sign-extended i16 DATA)
addu d,sl,s2
addui d,s,i16
and d,sl,s2
andi d,s,i16
beqz r,label branch if reg is zero.
bnez r,label branch if reg is non-zero.
j label
jal label leaves address of instr after delayed instr in ..
jr r s&3=0 else trap.
jalr r s&3=O else trap. rct address like jsr.
lb d,i16(s) (sign-extended i16 OFFSET) sxt data byte to word
lbu d,i16(s) (sign-extended i16 OFFSET) zeroes high ",its
lh d,i16(s) (sign-extended i16 OFFSET) sxt data halfword to word
lhi d,i16 load immediate halfword << 16. zeroes low 16 bits
lhu d,il6(s) (sign-extended i16 OFFSET) zeroes high bits
1w d,i16(s) (sign-extended i16 OFFSET)
nop
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A.2 Integer Instructions A THE DLX INSTRUCTION SET

Operator Operands Comment
or d,sl,s2
ori d,s,i16
sb il6(s),d (sign-extended i16 OFFSET)
seq d,sl,s2
seqi d,s,i16 (sign-extended i16 DATA)
sequ d,sl,s2 same as seq
sequi d,s,il6 different from seqi (no sign-ext of imm data here)
sge d,sl,s2
sgei d,s,i16 (sign-extended i16 DATA)
sgeu d,sl,s2
sgeui ds,i16
sgt d,sl,s2
sgti d,s,il6 (sign-extended i16 DATA)
sgtu d,sl,s2
sgtui d,s,il6
sh il6(s),d (sign-extended i16 OFFSET)
sle d,sl,s2
slei ds,i16 (sign-extended i16 DATA)
sleu d,sl,s2
sleui d,s,il6
sll d,sl,s2
slli d,s,il6
slt d,sl,s2
siti d,s,i16 (sign-extended i16 DATA)
sltu d,sl,s2
sltui d,s,i16
sne d,sls2

Operator Operands Comment
snei d,s,il6 (sign-extended i16 DATA)
sneu d,sl,s2 same as sne
sneui d,s,il6 different from snei (no sign-ext of imm data here)
sra d,sl,s2
srai d,s,il6
srl d,sl,s2
srli d,s,il6
sub d,sl,s2 (traps on overflow)
subi d,s,i16 (traps on overflow) (sign-extended i16 DATA)
subu d,sl,s2
subui d,s,i16
sw il6(s),d (sign-extended i16 OFFSET)
trap i27
xor d,sl,s2
xori d,s,il6
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A THE DLX INSTRUCTION SET A.3 Pseudo-Integer Instructions

A.3_, Pseudo-Integer Instructions

Operator Operands Comment
div fd,fsl,fs2 traps on div-by-zero
divu fd,fsl,fs2 traps on div-by-zero
movfp2i d,f
movi2fp f,r
mult fd,fsl,fs2 traps on overflow
multu fd,fsl ,fs2 traps on overflow

A.4 Floating Point Instructions

Operator Operands Comment
addd Fd,Fsl,Fs2
addf fd,fsl,fs2
bfpf label
bfpt label
cvtd2f f,F
cvtd2i f,F
cvtf2d F,f
cvtf2i fi Jf2
cvti2d F,f
cvti2f filf2
divd Fd,Fsl,Fs2
divf fd,fsl,fs2
eqd F1,F2
eqf fl J2
ged F1,F2
gef fl,f2
gtd F1,F2
gtf f1,f2
Id F,i]6(s) (sign-extended i16 OFFSET)
led F1,F2
lef fl,f2
if fJi16(s) (sign-extended i16 OFFSET)
ltd F1,F2
ltf f1,f2
movd. F1,F2
rnovf fl,f2
multd Fd,Fsl,Fs2
MUMt fd~fsl,fs2
ned F1,F2
nef f1,f2
sd i16(s),F (sign-extended i16 OFFSET)
sf i16(s),f (sign-extended i16 OFFSET)
subd Fd,Fsl,Fs2
subf fd,fsl,fs2
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B pFX/DLX RUN-TIME LIBRARY

B pFX/DLX Run-Time Library

This appendix contains a listing of the standard library routines supported by the
runtime system of uFX/DLX. This is a subset of the FX-91 standard library.

Name Type Comment
symbol (-> (name) symbol) builtin constructor
and (-> (bool bool) bool) builtin operator
or (-> (bool bool) bool) builtin operator
backspace char constant
newline char constant
page char constant
space char constant
tab char constant
equiv? (-> (bool bool) bool)
and? (-> (bool bool) bool)
or? (-> (boo] bool) bool)
not? (-> (bool) bool)
not C-> (bool) bool)
char-? (-> (char char) bool)
char<? (-> (char char) bool)
char>? (-> (char char) bool)
char<=? (-> (char char) bool)
char>-? (-> (char :aar) bool)
char-ci-? (-> (char char) bool)
char-ci<? (-> (char char) bool)
char-ci>? (-> (char char) bool)
char-ci<-? (-> (char char) boo])
char-ci>-? (-> (char char) bool)
char- alphabetic? C-> (char) bool)
char-numeric? (-> (char) bool)
char-whitespace? (-> (char) bool)
char-lower-case? (-> (char) bool)
char-upper-case? (-> (char) bool)
char-upcase (-> (char) char)
char-dorncase (-> (char) char)
char->int (-> (char) int)
int->char (-> (int) char)
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B uFX/DLX RUN-TIME LIBRARY

Name Type Comment
S(-> (int int) bool) builtin predicate

(-> (int int) bool) builtin predicate
>(-> (int int) bool) builtin predicate
<=(-> (int int) bool) builtin predicate
>(-> (int int) bool) builtin predicate
+ (-> (it int) int) builtin operator

(-> (int int) int) builtin operator
(-> (int int) int) builtin operator

/ (-> (int int) int) builtin operator
remainder (-> (int int) int) builtin operator
modulo -> (int int) int) builtin operator
neg (- (int) int) builtin operator
abs (-> (int) int)
null? (generic CW) (-> ((listof t)) bool))
null (generic Wt)

(-> () (listof t)))
cons (generic Wt)

(-> (t (listof t)) (listof t))

car (generic (W)
(-> ((listof t)) t))

cdr (generic (t)
(-> ((listof t)) (listof t)))

set-car! (generic (t)
(-> ((listof t) t) unit))

set-cdr! (generic Wt)
(-> ((listof t) (listof t)) unit))

length (generic (t)
(-> ((listof t)) int))

append (generic (t)
(-> ((listof t) (listof t)) (listof t)))
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B ;LFX/DLX RUN-TI.\E LIBRARY

Name Type Comment

reverse (generic (t)
(-> ((listof t)) (listof t)))

list-tail (generic (t)
(-> ((listof t) int) (lister W))

list-ref (generic (W)
(-> ((listt r t) int) t))

map (generic (ti t2)
(-> ((-> (tI) t2) (listof ti)) (listof t2)))

for-each (generic (tl t2)
(-> ((-> (tI) t2) (lister ti)) unit))

reduce (generic (ti t2)
(-> ((-> (tI t2) t2) (listof tl) t2) t2))

list->string (-> ((listof char)) string)
string->list (-> (string) (listof char))
pair (generic (tI t2) (-> (tl t2) (pairof tl t2)))
left (generic (ti t2) (-> ((pairof tl t2)) t1))
right (generic (tl t2) (-> ((pairof ti t2)) t2))
ref (generic (t) (-> (t) (refof t)))

(generic Ct) (-> ((refof t)) t))
:M (generic (t) (-> ((refof t) t) unit))
make-string (-> (nt char) string)
string-length (-> (string) int)
string-ref (-> (string int) char)
string-set! C-> (string int char) unit)
string-fill! (-> (string char) unit)
string-? C-> (string string) bool)
string<? C-> (string string) bool)
string>? C-> (string string) bool)
string<=? (-> (string string) bool)
string>=? (-> (string string) bool)
string-ci=? (-> (string string) bool)
string-ci<? C-> (string string) bool)
string-ci>? (-> (string string) bool)
string-ci<-? (-> (string string) bool)
string-ci>-? C-> (string string) bool)
substring (-> (string int int) string)
string-append C-> (string string) string)
string-copy C-> (string) string)
string->vector (-> (string) (vectorof char))
vector->string (-> ((vectorof char)) string)
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B uFX/DLX RUN-TIME LIBRARY

Name Type CommE
sym->string (-> (sym) string)
string->sym (-> (string) sym)
syma? (-> (sym sym) bool) built
hash (-> (sym) int)
make-vector (generic (t) (-> (int t) (vectorof t)))
vector-length (generic (t) (-> ((vectorof t)) int))
vector-ref (generic Wt) (-> ((vectorof t) int) t))
vector-set! (generic Wt) (-> ((vectorof t) int t) unit))
vector-fill! (generic (t) (-> ((vectorof t) t) unit))
vector->list (generic Wt) (-> ((vectorof t)) (listof t)))
list->vector (generic (t) (-> ((listof t)) (vectcrof t)))
vector-map (generic (ti t2)

(-> ((-> (ti) t2) (vectc of ti))
(vectorof t2)))

vector-map2 (generic (ti t2 t3)
(-> ((-> (tI t2') ý3) (vectorof ti) (vectorof t2))

(vectocof t3))

vector-reduce (gen :i, (-I t2) (-> ,(C-> (tI t2) t2) (vectorof tI) t2)
- 21

scan (geneiic Wt) (-> ((-> (t t) t) (vectorof t))
(ve-ýcrof t)))

segmente-J-s-. (generic (t)
(-> ((-> (t t) t) (vectorof bool) (vectorof t))

(vectorof t)))
compress (gene•'ic (ti) (-> ((vectorof bool) (vectorof t))

(vectorof t)))
expand (generic (ti)

(-> ((vectorof bool) (vectorof t) (vectorof t))
(vectorof t)))

eoshift (generic (ti) (-> (int (vectorof t) (vectorof t))
(vectorof t)))

25



C pFX/DLX COMPILER IMPLEMENTATION

Name Type Comment
unparse-bool (- (bool) string)
unparse-char (-> (char) string)
unparse-int (-> (int) string)
unparse-string (-> (string) string)
unparse-symbol (-> (sym) string)
unparse-unit (-> (unit) string)
unparse-list (generic (t)

(-> ((-> (t) string) (listof t)) string))
unparse-vector (generic (t)

(-> ((-> Wt) string) (vectorof t)) string))
unparse-pair (generic (r 1)

(-> (C-> (1) string)
(-> (r) string)
(pairof r 1))

string))

C /iFX/DLX Compiler Implementation

This appendix contains a snapshot as of February 12, 1992 of the 17 source files
which implement the compiler and ocode simulator in Mini-FX. All of these files are
available via FTP.

The files included in this appendix are as follows:

Filename Module Purpose
compiler/asm.fx Support Assemble and unparse ocode representation
compiler/bits.fx Support Low-level data manipulation utilities

compiler/dlxsim.fx Emulate Emulation support
compiler/exp.fx Parse 1sFX parse tree definition

compiler/exp2ic.fx Translate Translate expressions to intermediate code
compiler/ic2oc.fx Generate Generate ocode by recursive descent of icode
compiler/icode.fx Generate Icode representation definition

compiler/lib.fx Runtime Definitions of /FX primitives
compiler/misc.fx Support Miscellaneous utilities

compiler/oc2txt.fx Output Produce DLX assembly code text
compiler/ocode.fx Generate Ocode representation definition

compiler/optimize.fx Optimize Optimization of intermediate code
compiler/parse.fx Parse Parse tFX Syntax

compiler/system.fx Emulate Garbage collector and allocator for ocode emulation
compiler/table.fx Support Symbol table utility

compiler/toplevel.fx Support Top-level user ii' efface to tzFX/Dr \
compiler/ty.recon.fx Reconstruct Type reconstruction algorithm

The index at the end of this document contains entries for procedures, shared vari-
ables, and runtime entry points.
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C jiFX/DLX COMPILER IMPLEMENTATION C. I compiler/asm.fx

C.1 compiler/asm.fx

The contents of the file compiler/asm.fx:

m-- Node: Scheme; Package: SCHEME -C-

asm.fx -- assemble and unparse ocode from code generator. "Assemble"
;m means prepare for emulation; unparse means prepare for output to file
; for dizaim assembler.

We factor instructions according to the type of operands they use.
The following shorthands are used to name these types: i = integer
register; c = integer constant; f = single-precision FP; g = double
FP; d = integers in FP registers (e.g., for div instruction).

The two functions exported by this file are asm-ocode and
unparse-ocode. asm-ocode takes an operation name (symbol) and a
set of operands and returns a thunk that, when applied, mutates the

; state of the DLI machine (see dlxsia.fx) according to the
instruction. unparse-ocode takes an operation name and set of
'rands and returns a string representing the instruction in
official DLI assembler syntax.

asm-ocode and unparse-ocode use asm-??? (assemble) and unp-???
; (unparse) functionals for different classes of instructions. The
&oa-??? functionals return a thunk which, when applied, mutates _:w*
DLI machine state according to the instruction. The asm-???
functionals try to do expensive operations (e.g., matches on
operands) in an environment enclosing the returned thunk. The
unp-??? functionals return a string which is the unparsing of the
operation.

(define unp-oname
(lambda (op)

(let ((oname (down-sym op)))
(string-append oname (pad oname 8)))))
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(define naParse-reg
(lambda Cmu)
(it (- *rr-pretty*)

(cond (( u ZERO) "ZERO")
ru VAL) "VAL")

((ru ENV) "ENV")
((ru FP) "FP11)

((u ru SP) 'Isp")
Us u ARGO) "ARGO")
ru ARGI) *"ARG1**)

((ru ARG2) "LRG2")
((ru ARG3) "ARG3")

Us~ ru ARG4) "ARG4')
((x ru ARGS) "IRGS")

(2rn ARGO) "IRG8)
CCru ARG7) *11G7**)
(C am ARG8) "ARG8')
ru ITENP) "kTENP")

C am RETADR) "RETADR"I)
(else (string-append "r"8 (int->string mu))))

(string-append "r" (int->string ru))))

(define unparse-freg
(lambda CW (string-append "fl, Cint->string M)))

(define inuparse-drog
(lambda (U) (string-append "I" (int->string za))))

(define asa-iji
;; Three integer registers (egadd. subu)
(lambda (fu rands)

(match rands
C(rrr->rands- d al s2)
(lambda C) (set-reg! d (fn (get-ring aI) (get-reg 92))))))))

(define ump-iji
(lambda (op rands)

(let (Conam. (iinp-oname op)))
(match rands
((rrr->rands- d sI. s2)
(str~ing-append ona~me (unparse-reg d) ","(unparse-reg s1) "

(unparse-reg s2)))))

(define asam-jic
;; Two int reg's and a constant (e.g., xori)
(lambda Uzi rands)

(match rands
C(rri->rands' d si s2)
(let ((val (eval-immed s2))
(lambda (0 (set-regl d (fn (get-reg el) val))))))))
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(define unp-iic
(lambda (op rands)

(let ((oname (unp-oname op)))
(match rands
((rri->rands" d al s2)
(string-append oname

(unparse-reg d) ", " (unparse-reg sl) ", "2))))))

(define asm-bi
;; Branches that take one operand (e.g., jal, bfpf)
(lambda (fn rands)

(match rands
((i->rands" 1)
(let ((val (eval-immed 1)))

(lambda () (:= *npc* (fn val)))))
((r->rands" r)

(lambda () (: *npc* (fn r)))))))

(define unp-bi
(lambda (op rands)

(let ((oname (unp-oname op)))
(match rands
((i->rands" 1) (string-append oname 1))
((r->rands" r) (string-append oname (unparse-reg r)))))))

(define asm-b2
;; Branches that take two operands (e.g., bneq)
(lambda (fn rands)

(match rands
((ri->rands" r 1)
(let ((val (eval-immed 1)))

(lambda () (:= *npc* (fn r val))) )

(define unp-b2
(lambda (op rands)

(let ((oname (ump-oname op)))
(match rands
((ri->rands" r 1) (string-append oname (unparse-reg r) ", 1))))))

(define asm-load
;; All load instructions except lhi and FP loads
(lambda (fn rands)

(match rands
((load->rands" d offset base)
(lambda ()

(set-reg! d (in (get-mem (+ offset (get-reg base))))))))))
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(4deti unp-load
(lambda (op rands)

(leot ((onae (unp-oname op)))
(match rands

((load->rands" d ofat bass)
(sCtrig-append oname

(unpazse-reg d) ",

(int->strn.ng o•ft) "C" (unparse-reg base) ")))))))

(define asm-Ihi

(lambda (rands)
(match rands
((ri->rands" d a)

(leot ((val (* (eval-immed a) twvo18)))
(lambda C) (aot-regf d val)))))))

(define unp-lhi
(lambda (op rands)

(match rands
((ri->rands" d s) (string-append "1lhi (unparse-reg d) ", s)))))

(define asm-store
;; All store instructions except FP stores
(lambda (In rands)
(match rands
((storo->rands* offset bass v)

(lambda (0
(leot* ((addr (+ offset (get-reg base)))

(old-val (get-son addr))
(val (get-reg v)))

(set-mom! addr (tn old-val val))))))))

(define unp-store
(lambda (op rands)

(le•t ((onam. (unp-oname op)))

(match rands
((store->rands" oast base v)
(string-append oname

(Unt->string aost) "C" (unparse-reg base) "),

(unparse-reg v)))))))

(define asm-lU
;; Instructions taking three single FP registers (e.g., addf)
(lambda (In rands)

(match rands
((rrr-'rands° d sl s2)
(lambda () (set-freg! d (fn (get-freg s1) (get-frso g.. .
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(define unp-fff
(lambda (op rands)

(let ((oname (unp-ouame op)))
(match rands
((rrr->rands' d al s2)
(string-append oname (unparse-freg d) ", (unparse-freg sl) ,

(unparso-freg s2)))))))

(define asm-ggg
;; Instructions taking three double FP reg's (e.g., divd)
(lambda (fn rands)

(match rands
((rrr->randa" d s1 s2)
(lambda 0) (set-dreg! d (In (get-dreg sl) (get-dreg 92))))))))

(define unp-ggg
(lambda (op rands)

(let ((oname (unp-oname op)))
(match rands
((rrr->rands" d s3 s2)
(string-append oname (unparse-drog d) ", " (unparse-dreg s.) ",

(unparse-dreg s2)))))))

(define asn-fp-rel
;; Floating point relational operations modify the fp boolean flag
(lambda (In c rands)

(let ((get (cond ((sym=? c 'f) get-frog) ((gym=? c 'g) get-dreg))))
(match rands
((rr->rands' 81 .2)
(lambda () (:- *Tp-cond* (in (get 91) (get s2)))))))))

(define unp-fp-rel
(lambd; (op c rands)

(leot ((unp (cond ((gym=? c 'f) unparse-freg) ((sym-? c 1g) unparse-dreg)))
(oname (unp-oname op)))

(match rands
((rr->rands' sl s2)
(lambda () (string-append oname (unp s.) (unp s2))))))))

(define aam-cnv
(let ((get (lambda (c) (cond ((or (sym=? c 'd) (gym=? c 'I)) get-freg)

((sym=? c 'g) get-dreg)
((s3ym? C 'i) get-reg))))

(st! (lambda Wc) (cond ((or (sym=? c 'd) (sym=? c 'f)) set-freg!)
((sym=? c 'g) set-dreg!)
(Csy.=? C 'i) see-reg')))))

(lambda (fn d s rands)

(leot ((g (geot s)) (a' (st! d)))
(match rands
((rr->rands" dst src) (lambda () (sW dst (in (g src))))))))))
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(define unp-cnv
(leot ((unp (lambda (c) (cond ((or (sym=? c 1d) (sym=? c 'I)) unparse-freg)

((gym-? c 'g) unparae-drog)

((sym=? c 'i) unparse-reg)))))

(lambda (op d a rands)
(leot ((onsae (unp-oname op)))

(match rands
((rr->rands- dst arc)
(string-append oname ((unp d) dat) ", " ((unp a) src))))))))

;; Functions that are applied to operands (represented as bignums) to
;; execute low-level ALU ops and return the result (another bignum).

These functions are used only when the minifx equivilant doesn't do
;; the right thing, such as when when dealing with the inidividual
;; bits of a signed integer.

(define mk-bvise
Takes an operation (e.g., and?) and applies it bit-vise to the bits
in the operands. Since we store the operands in bignum rather
than machine int format, we need to convert the operands to
machine ints to make sure negative numbers are handled correctly.

(lambda Cop)
(lambda (valt v&12)

(letrec ((loop
(lambda (x vi v2 i)
(it (= i 32)

(mint2bignum x)
(loop (+ x (if (op (odd? v1) (odd? v2)) (expt 2 i) 0))

(quotient vi 2)
(quotient v2 2)
C+ i I))))))

(loop 0 (bignum2mint vall) (bignun2mint val2) 0)))))

;; For relational operators, must return 1 or 0 rather than ft or *f
(define mk-alu-rel

(lambda (in) (lambda (x y) (it (In x y) 1 0))))

(define ak-alu-urel ;; For unsigned operands
(lambda (fn) (lambda (x y) (it (In (bignum2mint x) (bignum2mint y)) 1

(define mk-alu-sgn ;; For signed integer operators
(lambda (fn) (lambda (z y) (lot ((result (In x y)))

(if (int32? result)
result
(error "ALU overflow"))))))

(define mk-alu-unsgn ;; For unsigned integer operators
(lambda (fn)

(lambda (x y)
(mint2bignum (remainder (fn (bignum2mint x) (bignum2mint y)) two-32))'"

(define alu-neq (lambda (x y) (if (= x y) 0 1)))
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Cdetie alu-xor (mk-bvise (•ambda (1 1) (or (and x (not y)) (and (not x) y)))))

(datins a-u-or
;; The code generator uses an or instruction with the RO register as

;; moves. so we want that case to so fast.
(lambda (x y)

(cond ((-z 0) y)
1C- y 0) X)

(else ((mk-bwise or?) x 7)))))

(d.13.ne Llu-s-lett-I (lambda Cz y) (* I (expt 27))

(detine alu-s-right-1
(lambda (U y) (Cint2bignum (quotient (bignum2minz x) (expt 2 y)))))

(cdetin alu-s-right-a
(lambda (x 7)

(mint2bignum (+ (quotient (bigum2mint x) (expt 2 y))
(it (< x 0) two-31 0)))))
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(define asm
(lambda (man)

(let (Cop Cop-code inan))
(rands Cop-rand. insn))

(cond
((gym=? op 'add) Casit-iii Cmk-alu-sgn +) rands))
C(gym=? op 'addi) Casm-iic (ak-alu-sgu +) rands))
C((gym=? op 'addu) Casm-iii (Mk-a&lU-UnUg +) rands))
((gym=? op 'addui) Casm-iic Cak-alu-amnsgn +) rands))
((gym=? op land) Casm-iii (ak-buis, and?) rands))
C(gym=? op 'andi) Casu-iic Cuk-buis. and?) rands))
((gym--? op 'or) (asm-iii a~lu-or rands))
(Caym=? op 'oni) Casm-iic amu-or rands))
((gym=? op 'seq) Casm-iii (uk-amu-rd ) rands))
((gym=? op 'seqi) Casu-iic (mk-a&lu-rei rands))
((gym=? op 'sequ) Casa-iii Cuk-aiu-ural .)rands))
((gym=? op 'sequi) Casm-iic Cuk-ain-urel )rands))
((gym=? op 'age) (asm-iii (uk-amu-rel >=) rands))
((gym=? op '.gei) Caim-iic (uk-amu-ral >=) rands))
((gym=? op '.geu) Casm-iii (uk-a~lu-urei >=) rands))
((gym=? op '.geui) (asm-iic (ak-aiu-umrei >=) rands))
((gym=? op '.gt) (asa-iii (sk-ain-rel >) rands))
((Cgym=? op '.gti) Casm-iic (uk-amu-rel >) rands))
((gym=? op '.gtu) Cazm-iii Cuk-alu-urel >) rands))
((gym=? op '.gtui) (asu-iic Cuk-aliu-urei >) rands))
((gmy=? op '181) Casw-iii (uk-amu-ro <=) rands))
((Cgym=? op 'sisi) Casm-iic Cuk-a&iu-rei <=) rands))
(Caync? op 'sieu) (as.-iii Cak-alu-urei <=) rands))
(Cgym=? op 'sieui) (ass-iic (uk-elu-urai <=) rand.))
((gmy.? op 19ii) Casu-iii amu-a-let-i rands))
(Cgy.=? op 'sili) Casau-iic amu-s-left-i rands))
((gym:-? op 'sit) (aa.-iii (uk-amu-rob 0) rands))
((smy.. op aisti) Casm-iic (uk-alu-rei <) rand.))
((Cay.=? op 'situ) Casm-iii (uk-alu-urai 0) rands))
((Cgy.=? op 'istui) Casn-iic Cuk-ain-ural <) rands))
(Cgym=? op 'sue) (asaa-iii aiu-uoq rands))
((sym-? op 'anei) (asm-iic alu-neq rands))
((Cay.=? op 'sneu) Cana-iii amu-neq rands))
CCsymu? op 'mneui) Casm-iic amu-neq rands))
((gym=? op 'ara) (asmt-iii alu-s-right-a rands))
((gy..? op 'srai) (asm-iic alu-s-right-a randa))
((Cay..? op 'sri) Casm-iii amu-s-right-i rands))
(Cay..? op 'arli) Cansm-iic a~lu-s-right-i rands))
((gmy.? op 'sub) Casm-iii (uk-a~ln-.gn -)rands))
(Cay..? op 'subi) (as.-iic (uk-alu-sgu - rands))
((gmy.? op '.ubu) Casa-iii Cuk-alu-unsgu - rands))
((gy.=? op '.ubui) Casa-iic (uk-ain-unan -)rand.))
(Cgy..? op 'ror) (asm-iii alu-xor rands))
((gay.=? op 'Iori) Casm-iic a~lu-xor rands))
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((sym=? op 'beqz) (asm-b2 (lambda (r d)
(if (= (get-rag r) 0) d (- *Upc*)))

rands))
((Cym=? op 'bfpt) (asm-bi (lambda Cd) (it C *fp-cond*) (- *npc*) d))

rands))
((aym=? op 'bfpi) (asm-bi (lambda (d) Cit (i *p-cond*) d (C *npc*)))

rands))
((aym=? op 'bnez) (asm-b2 (lambda (r d)

(if (= (get-reg r) 0) (- *npc*) d))
rands))

((Cym=? op 'j) (asm-bl id rands))
((sym=? op 'jr) (&sm-bi get-rag rands))
((sym=? op 'jal) (asm-bi (lambda Cd)

(begin (set-rag! RETADR (+ ( *pc*) 4))
d))

rands))
((sym=? op 'jair) (Cam-bl (lambda (r)

(begin (set-rag! RETADR (+ ( *pc*) 4))
(get-rag r)))

rands))

ý,sym=? op 'ib) (asm-load (lambda Wv) (sext8->32 (remainder v two-8)))
rands))

((Cym=? op 'lbu) (asm-load (lambda (v) (remainder v tvo'8)) rands))
((aym=? op '1h) (asm-load (lambda (v)

(sext16->32 (remainder v tvo-16)))
rands))

((sym:? op 'lhi) (asm-lhi rands))
((Sym=? op 'lhu) (asm-load (lambda Wv) (remainder v two-16)) rands))
((sym=? op 'lv) (asm-load id rands))

((sym=? op '9b) (asm-stor.
(let ((fn (set-bit-field 0 8)))

(lambda (ow v) (fn ov (remainder v tvo'8))))
rands))

((sym=? op 'sh) (asm-store
(let ((fn (set-bit-field 0 16)))

(la;,da (ov v) (fn ov (remainder v two-16)"',
rands))

((sym=? op '3.) (asm-store (lambda (ov v) v) rands))

((sym=? op 'div) (asm-fff quotient rands))
((sym=? op 'divu) no-emulate)
((sym=? op 'mult) (asm-fff (mk-alu-sgn *) rands))
((syaM? op 'multu) no-emulate)
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((sym=? op 'addd) (asm-ddd tl+ rands))
((gym=? op 'addl) (asm-ftt fl+ rands))
((sym=? op 'divd) (asm-ddd fl/ rands))
((sym=? op 'dirT) (asm-fff fl/ rands))
((gym=? op 'eqd) (asm-fp-rel 'g tl= rands))
((gym=? op 'eqf) (asm-fp-rel !f fl= rands))
((sym=? op 'god) (asm-tp-rel 'g fl>= rands))
((gym=? op 'get) (asm-fp-rel 'f fl>= rands))
((sym=? op 'gtd) (asm-fp-rel 'g fI> rands))
((gym=? op 'gtt) (asm-fp-rel 'If I> rands))
((sym=? op 'ltd) (asm-fp-rel 'g fl< rands))
((sym=? op 'Ilt) (asm-fp-rel 'f fl< rands))
((sym=? op 'led) (asm-fp-rel 'g fl<= rands))
((sym=? op 'let) (asm-fp-rel 'f fl<= rands))
((sym=? op 'multd) (asm-ddd fl* rands))
((sym=? op 'multf) (asm-ftf fl* rands))
((sym=? op 'ned) (asm-fp-rel 'g (lambda (x y) (not (fl= x y))) rands))
((sym=? op 'net) (asm-fp-rel 't (lambda (x y) (not (fl= x y))) rands))
((gym=? op 'subd) (asm-ddd fl- rands))
((gym=? op 'subt) (asm-Itf fl- rands))

((gym=? op Ild) no-emulate)
((gym=? op 'If) no-emulate)
((gym=? op 'sd) no-emulate)
((Sym=? op 'st) no-emulate)

((sym=? op 'trap) no-emulate)
((sym=? op 'nop) (lambda 0) the-unit))

((gym=? op 'cvtd2t) (asm-cnv id 't 'g rands))
((gym=? op 'cvtd2i) (asm-cnv id 'd 'g rands))
((gym=? op 'cvtf2d) (asm-cuv id 'g 'I rands))
((gym=? op 'cvtt2i) (asm-cnv truncate 'd 'f rands))
((gym=? op 'cvti2d) (asm-cnv int->float 'g 'd rands))
((gym=? op 'cvti2f) (asm-cnv int->float 't 'd rands))
((gym=? op 'movd) (asm-cnv id 'g 'g rands))
((sym=? op 'aOVf) (asm-cnv id 'f 'f rands))
((sym=? op 'movfp2i) (asm-cnv id 'i 'd rands)"
((gym=? op 'movi2fp) (asm-cnv id 'd 'i rands)),j))

;; (asm-into 'movi2s "OxOO0 1..!x30")
;; (asm-info 'mov$2i 'OxOO" "Ox3i")

(asm-into 'rfe "Ox40.' "OxOO")
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(define unparse-ocode
(lambda (insn)

(let ((op (op-cod. insu))
(rands (op-rands insa)))

(cond
((gym=? op 'labeidet)
(string-append (match rands ((abei->rands- 1) 1)) :)

((gym=? op 'stringdet)
(string-append ".aaciiz V"' (match ranuds ((string->rands- s) s)) "V-

(cha~r->string #\neviiue) ".align 211))
((gym=? op 'vorddef)
(string-append ".word 0

(int->atring (match rands ((vord->rands-v w) )M))

((memq op '(add addu and or seq aequ sge sgeu ogt sgtu sie sleu
all sit situ sue sneu ira sri sub subu xor))

(unp-iii op ranuds))

((memq op '(addi addui audi oni aeqi sequi sgei sgeui sgti sgtui slii
salui sili siti situi snei sncui srai srii subi subui xoon))

Cunp-iic op rands))

(Cmemq op '(beqz buez)) (unp-b2 op rands))
((mcmq op '(bfpt bfpf buez j jr jal jalir)) (unp-bi op rauds))
(Cmemq op '(lb lbu lh lhu iv)) (unp-load op rands))
((gym=? op 'Ihi) (unup-lhi op rands))
((meaq op 'Cab ah a,)) (ump-store op rands))
((memq op I(div divu mult muitu)) (unp-iff op rands))
((mcmq op 'Caddf divt multf aubf)) (unp-fff op rands))
((memq op '(addd divd muitd aubd)) (unp-ddd op rands))
((memq op '(eqt get gtf itt let net)) (unp-tp-rel 'It op rands))
((memq op '(eqd ged gtd ltd led ned)) (uup-tp-rel 'g op rands))

((syM=? Op 'nop) .0nople)
((gym=? op 'cvtd2f) (ump-cnv op 'f 'g rands))
((gym=? op 'cvtd2i) (imp-cuv op 'd 'g rands))
((gym=? op 'cvtf2d) (unp-cuv op 'g It rands))
((gym=? op 'cvtf2i) (unp-cnv op 'd 'f rands))
((gym=? op 'cvti2d) (unp-cnv op 'g 'd rands))
((gym=? op 'cvti2f) Cuup-cnv op 'If 'd rands))
((gym=? op 'movd) (unp-cnv op 'g 'g rands))
((gym=? op 'mcvf) (unp-cnv op 'If 'If rands))
((gym=? op 'uovfp2i) (uup-cnv op 'i 'd rands))
C((gym=? op 'movi2fp) Cimp-cnw op 'd 'i rands))))))

;;((memq op '(ld 11 ad at)) ??)
;;((aym=? op 'trap) ??)

C-2 compiler/ bits. fx

The contents of the file comnpiler/bitsifx:

M;-* ode: Scheme; Package: SCHEME--
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;; Bit banging stuff

(define two-8 (expt 2 8))
(define two-15 (expt 2 15))
(define two-16 (expt 2 16))
(define two-31 (expt 2 31))
(define two-32 (expt 2 32))

(define intl6? ; (-> (int) bool)
(lambda Cu) (and n< u C- two15 1)) (>= o C- 0 tvo'15)))))

(define int32?
(lambda (n) (and n< u C- two-31 1)) n>= n (- 0 tuwo31)))))

(define mk-bignum2mint
(lambda (size-in-bits)

(let ((two-n (expt 2 size-in-bits)))
(lambda (bn) (if (>= bn 0) bn (+ tvo-n bu))))))

(define bignum2mint (mk-bigxum2mint 32))

(define mk-bignum2bits
(lambda (size-in-bits)

(letrec ((loop
(lambda (s v i)

(if t= i size-in-bits)
e

(loop (string-append (if (odd? v) "I .0") a)
(quotient v 2)
(+ i I))))))

(lambda (bn) (loop I'll (bignum2signed bn) 0)))))
(define bignum2bits (mk-bignum2bits 32))

(define mk-mint2bignum
(lambda (size-in-bits)

(let ((two'n (expt 2 size-in-bits))
(two-n-I (expt 2 (- size-in-bits 1))))

(lambda (mi)
(if (<- mi (- two-n-i 1)) mi (- mi two-n))))))

(define mint2bignum (mk-mint2bipum 32))

(define get-bit-field
;; bit-field : int * int -> (int -> int)
;; Access a bit field of an integer.
(lambda (position size)

(let ((shift (expt 2 position))
(mask (expt 2 size)))

(lambda Cu)
(remainder (quotient n shift) mask)))))
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(define set-bit-field
set-bit-field : int * int -> (in *t int -> int)

Initialize a bit field of an integer. Assumes the field currently

contains zero, because we don't need to clear it first in that case.

(lambda (position size)
(let ((shift (expt 2 position)).

(mask (expt 2 size)))
(lambda (n value)

(if (or (< value 0)
(>= value mask))

(error "bit field out of range" position size n value)
(÷ a (* value shift)))))))

;; Parse and unparse hex numbers to make examination of bit-operations

;; easier.

(define h2i
;; Convert string of hex numbers into integer. Requires string to

;; be in form "Oxh..." where h is in [0-ga-z]
(letrec ((loop

(lambda (s i v)
(if (= i (string-length s))

v
(let* ((c (string-ref s i))

(h (if (char-numeric? c)
(- (char->int c) (char->int *\0))
(+ (- (char->int c) (char->int #\a)) 10))))

(loop s (+ i I) (+ (* v 16) h)))))))
(lambda (s) (loop s 2 0))))

(define i2h
(fetrec ((loop

(lambda (v 1)
(if (v v 0)

1

(let* ((h (remainder v 16))
(c (if (<= h 9)

(int->char (+ h (char->int #\0)))
(int->char (+ (- h 10) (char->int #\a))))))

(loop (quotient v 16) (cons c 1)))))))
(lambda (v)

(if (= v 0)
"OxO"
(list->string (cons #\0 (cons #\x (loop v (null)))))))

C.3 compiler/dlxsim.x

The contents of the file compiler/dlxsim.fx:

M-.-Node: Scheme; Package: SCHEME e
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;; Emulator parameters
(def ine esemispace-size* Cret 500)) ,Slots in each space
(define *stack-size* (ref 500)) ,Slots in stack
(define *noisy-gc* (ret Wt)
(define *rr-pretty* (ref Wt)) Pretty-print regizters
(define *program-starts (ref 0)) I ddr of 1st word of code
(define *break-pointas (ref ~list)))

;; Emulator state
(define *entire-memory-size* (ref 0)) ; Total words in sim'tor morn
(define *mem* (ref (make-vector 0))
(define *en~d-program* (ref 0)) ; Addr of last word of code
(define *this-semispace* (ref 0)) ; (Tagged) address of first
(define *other-semispace* (ref 0)) * word in space
(define *this-semispace-ends (ref 0)) ;(T'd) address of 1st word
(define sother-semispace-ends (ref 0)) ; beyond last word in space

(define *reg* (generate-vector 32 (lambda (index) 0)))
(define *freg* (generate-vector 32 (lambda (index) 0.0))
(define *fp-conds (ref 0))
(define *pc* (ret 0))
(define *upc* (ref 0))
(define *halt-emulate?* (ref Wf)
(define *label-table* (ref (null)))

;; Emulator statistics
(define *instruction-count* (ref 0))
(define *num-gcs* (ref 0))
(define *gc-words-copied* (ref 0))
(define *total-allocation* (ref 0))
(define *total-allocs* (ref 0))
(define *max-stack-size* (ref 0))

;;Routines to set up emulator

;;Initialize emulator
(define mnit-emulator
(lambda 0)

(begin
;;First pass of assembler: get name of l.abels and find out length of
;;program code.
(: label-table* (null))

(enter-system-routine-labels) ;This is how we -,ai4. aystem rouLines.
(asm-passi (- ocode-list)) ;Calculate values of labels

;;Calculate needed memory size
(: entire-memory-sizes (+ (quotient (- *end-program*) 4)

(.2 (^ *semispace-size*))
( stack-uizes)))

40



C uFXIDLX COMPILER IMPLEMENTATION 0.3 cornpiler/dlxsim.&c

;;Create a vector to represent the DLI machine's memory. If required

;;memory size hasn't grown much since last time, then don't cons up

;;the new vector so we avoid generating garbage.

(let ((old-len (vector-length (- *mem*))))
(if (or (< old-len (- *entire-memory-size*))

(> C- old-len 500) (- *entire-memory-size*)))
C:*mem*

(generate-vector (- *entire-memory-size*) (lambda Wi 0))

C:= entire-memory-size* old-len)))

l; ow that we have a memory vector, assemble code into that vector

Casm-pass2 (- ocode-list))))) ; Lssmbl emulator thunks in2 mem vec

(define restart-emulator
(lambda C

(begin
;; Zero out regisiters
(letrec ((oop (lambda Mi (if (>= i 32)

the-unit
(begin (set-reg! i 0)

(set-frog! i 0.0)
(loop (+ i 1)))))

(loop 0))

;;Initialize important system registers
(set-reg! SP (- (* (- *entire-memory-size*) 4) 4))
(set-reg! HP (+ (- *end-program*) 1)
(goto (- *program-start*)) ; Set pc registers
(:*halt-emulate?* #f)

;;Set up heap
(:*this-semispace* (get-reg HP))

(: this-semispace-end* (+ (get-reg HP) (*(*uemispace-size*) 4))
(:*other-semispace* (- *this-semispace-end*))
(:*other-semispace-end*
(+ (- *other-semispace*) Ce( semispace-size*) 4)))

;;Clear statistics variables
C: nun-gcs* 0)
C:*gc-vords-copied* 0)
(: total-allocation* 0)
(:*tota~l-allocs* 0)
(: instruction-count* 0)
(: max-stack-size* 0)

;;Set-up an initial frame to return through
(set-reg! ATEMP FrameSize)
(allocate-block-of-memory)
(set-reg! FP (get-reg ITEMP))
(set-slot! (get-reg FP) 0 0)
(set-slot! (get-reg FP) 1 SP)
(set-slot! (get-reg FP) 2 -16) ; Return to --..EXIT system routine
(set-slot! (get-reg FP) 3 0)
(save-regs-into-frame)
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;; Set-up an inital closure for calling START_1
(set-reg! ATEMP 4) ; 2 words (tagged)
(allocate-block-of-memory)
(set-reg! ARGO (get-reg ITEMP)) ; Create dummy closure
(set-slot! (get-reg ARGO) 0 (- *program-start*))
(set-slot! (get-reg ARGO) 1 0))))

;; Routines to do emulations after machine has been set up

(define emulate
(lambda ()

(begin (emulate-one-instruction)
(if (- *halt-emulate?*) the-unit (emulate)))))

(define rerun
;; rerun the compiled program from the top...
(lambda () (begin (restart-emulator) (emulate))))

(define step
;; Single-step program,. printing out instruction just emulated.
(lambda ()

(leot ((Utemp (- *verbose-flag*)))
(begin (:= *verbose-flag* #f)

(display-one-instruction ( *pc*))
(nstep 1)
(display-one-instruction (. *pc*))
(:= *verbose-flag* temp)))))

(define nstoep
(lambda (n)

(letrec ((loop (lambda (i)
(cond ((>= i n) the-unit)

(( *halt-emulate?*)
(begin (display "Execution terminated.")

the-unit))

(else (begin (emulate-one-instruction)

(loop (+ i 1)))))l))
(begin (loop 0) (dump)))))

;; Two passes of assembler
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(define asm-passl
Calculate values of labels and enter them into symbol table. Set
*;nd-program* to (untagged) address of 1st word after program code.

(lambda (ocode)
(letrec ((loop (lambda (ocode pc)

(if (null? ocode)
PC
(match (car ocode)
((ocode° 'labeldef (label->rands" label))
(begin (enter-label label pc)

(loop (cdr ocode) pc)))
((ocode" 'stringdef -) (loop (cdr ocode) (+ PC 4)))
(_ (loop (cdr ocode) (+ PC 4))))))))

(: *end-program* (loop ocode (- *program-starte)))))

(define asm-pass2
;; Place emulation thunks into memory
(lambda (ocode)

(letrec ((loop (lambda (ocode pc)
(if (null? ocode)

the-unit
(match (car ocode)
((ocode- 'labeldef -) (loop (cdr ocode) pc))
((ocode" 'stringdef (string->rands- string))
(begin (set-mem! PC string)

(loop (cdr ocode) (+ PC 4))))
((ocode" 'worddef (word->rands" word))
(begin (set-eom! PC word)

(loop (cdr ocode) (+ PC 4))))
(_
(begin (set-mem! PC (asm (car ocode)))

(loop (cdr ocode) (+ PC 4)))))))))
(loop ocode 0))))

;; Symbol table for labels -- set up for two-way mapping

(define enter-label
(lambda (1 v) (:= *label-table* (cons (tuple 1 v) (- *label-table*)))))

(define label2num
(lambda (1)

(letrec ((loop (lambda (1st)
(cond ((null? 1st) (error "Unknown label' 1))

((string=? 1 (tuple-ref (car 1st) 0))
(tuple-ref (car lst) 1))

(else (loop (cdr lst)))))))
(loop (- *label-table*)))))
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(define num2label
(lambda (n)

(letrec ((loop (lambda (1st)
(cond ((null? lst) .")

((= n (tuple-ref (car 1st) 1))
(tuple-ref (car lst) 0))

(else (loop (cdr lst)))))))

(loop (- *label-table*)))))

;; Routines to change state of emulator according to instructions

(define goto
(lambda (new-pc)

(begin
(if (memq new-pc (- *break-points*))

(error "Break-point: type (proceeds) to continue."))
*:= *pC* new-pc)

C: *npc* (+ new-pc 4)))))

(define emulate-one-instruction
(lambda C)

(begin
(:= *instruction-count* (+ (- *instruction-count*) 1))
(if (- *verbose-flag*)

(display-one-instruction (- *pc*))
the-unit)

(if (< (- *pc*) 0)
(begin

fake system subroutines have negative addresses...
they're also always called with jal's (retaddr in r31)

(system-routine (- *pc*)) ; call the service
(goto (get-reg RETADR))) ; fake the return.

(let ((old-pc ( pec*)))
(begin (goto ( npc*))

((get-men old-pc))))))))

;; Procedures to access and change emulator state

(define get-men
(lambda (address)

(if (= (remainder address 4) 0)
(vector-ref (- *men*) (quotient address 4))
(error "Unaligned read."))))

(define set-mom!
(lambda (address val)

(if (z (remainder address 4) 0)
(vector-set! (- *men*) (quotient address 4) val)
(error "Unaligned write."))))
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(define get-slot (lambda (ptr slot) (get-mom (+ ptr (otag slot)))))
(define set-slot! (lambda (ptr slot v) (set-mem! (+ ptr (otag slot)) v)))

(define get-rag (lambda (regnum) (vector-ref *reg* regnum)))
(define set-reg! (lambda (regnum val) (vector-set! *reg* regnum val)))
(define get-frog (lambda (fregnum) (vector-ref *freg* fregnum)))
(define set-freg! (lambda (fregnum val) (vector-set! *freg* fregnum val)))

(define get-dreg
(lambda (fregnum)

(if (odd? fregpum)
(error "Bad double register" fregnum)
(vector-ref *frog* fregnum))))

(define set-dreg!
(lambda (fregnum val)

(if (odd? fregnum)
(error "Bad double register" fregnum)
(begin (vector-set! *frog* fregnum val)

(vector-set! *freg* (+ fregnum 1) -3.21)))))

Routines to inspect the state of the emulator
(define dump

;; Display register values
(lambda ()

(letrec ((cols 4) (width 10)
(loop (lambda (i)

(if (>= i 32)
the-unit
(let ((rval (i2h (get-reg i))))

(begin
(display (pad rval width)) (display rval)
(if (a (remainder i cols) (- cols 1))

(newline)
the-unit)

(loop (+ i 1))M)))
(begin (newline) (loop 0)))))

(define find-insn
(lambda (ocode pc)

(cond ((sym=? (op-code (car ocode)) 'labeldef)
(find-insn (cdr ocode) pc))

((<= pc 0) (car ocode))
((sy,=? (op-code (car ocode)) 'stringdef)
(find-insn (cdr ocode) (- pc 4)))

(else (find-irni (cdr ocode) (- pc 4))))))

45



C.3 compiler/dl.....fx C AFX/DLX COMPILER IMPLEMENTATION

(define display-one-instruction
(lambda (pc-i)
(it (< pc-i 0)

(begin (display "**** ") (display (num2label pc-i)) (newline))
(let (Cl (num2label pc-i)))

(begin
(newline)
(if (> (string-length 1) 0)

(begin (display . (display 1) (display ":") (newline))
the-unit)

(if (< pc-i 1000) (display "0") the-unit)
(if (< pc-i 100) (display "0") the-unit)
(if (< pc-i 10) (display "0") the-unit)
(display pc-i) (display "...)
(display (unparse-ocode (find-insn (- ocode-list) pc-i))))))))

(define disasm ;; print program in memory (to see if it's uncorrupted)
(lambda 0)

(letrec ((loop (lambda Wi) (if (>= i (- *end-program*))
the-unit
(begin (display-one-instruction i)

(loop (+ i 4)))))))
(loop ( *program-star*t)))))

(define pb ;; print heap block
(lambda (p)

(letrec ((blksize (do-itag (get-slot p -)))
(loop (lambda (W)

(if (>= i blksize)
the-unit
(begin

(display (string-append
" +" (pad (int->string i) 3) ": ")

(display (get-slot p i))
(newline)
(loop (+ i 1)))))))

(begin
(display "Pointer=") (display p)
(display " Blocksize-") (display blksize) (newline)
(loop 0)))))
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;;Evaluate constant expressions in operands of iman's

(define eval-immed
... this is *very* crude, but sufficient for now...

Accept the following grammar:
*xpr:
number
-number
LABEL
LABEL +I
(expr) & Oxffff
Cexpr)»>16

,,Very little error checking is done...
(lambda Cs) (av-parse-expr (ref (av-lzokenize s)))))

(define av-pa~rse-expr
(lambda (toks)

(let ((c (string-ref (car (- toks)) 0)))
(cond
((char-? c *\ ; expr)..
(begin C:= toks cd~r (- taks))

(mint2bignum (avpe-rocurse toks)))
((char-numeric? c) ;; number
(lot (Ca (av-parse-number (car (- toks)))))
(begin C:= toks (cdr (- toks))

n))
((char=? C *\-) ;; -number
(let ((n C- av-parse-number Ccadr C- toks))))))
(begin (:toks (list-tail (- toks) 2))

(esie ;;LABEL I LIBEL + I

(let (un (label-uum (car (- toks)))))
(if (and (>= (length (- toks)) 3)

(char=? (string-ref Ccadr (- toks)) 0) #\) ;LABEL + I
(begin (:= toks (list-tail (- toks) 3))

(+ I W)
(begin (:= toks (cdr (-~ toks))

(define avpe-recurse
(lambda (toks)

(let ((n (bignum2mint (av-parse-expr toks))))
(it (not (char=? (string-ref (car (- toks''

(error "invalid av-expr syntax")
(cond ((char=? (string-ref (cadr Ctoks)) 0) #k

(begin (:= toks (list-tail (toks) 3))
(modulo n 66536))

((char=? (string-ref Ccad~r (toks)) 0) #>
(begin (:= toks (list-tail (toks) 3))

(quotient n 65536))
(else (error "invalid av-expr syntax")))))))
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(define av-parse-number
;; Assume we got a decimal number
(lambda (s)
(letrec (Cloop

(lambda (n i)
(i i (string-length W))

n

(loop (+ (* 10 n)
(- (char->int (string-ref s i)) (char->int #\0)))

(+ i i))))))
(loop 0 0))))

;; A crude lexer for a crude parser...

(define av-tokenize
;; Real simple lexer for arithmatic expressions in assembly code
(lambda (s)

(letrec ((loop
(lambda (s i)

(let ((Q (av-kill-whitespace s i)))
(if (>= j (string-length s))

(null)
(let ((k (av-next-tok s j)))

(cons (substring s j k)
(loop s k))))))))

(loop a 0))))

(define av-kill-whitespace
(lambda (s i)

(if (and (< i (string-length 9)) (char-whitespace? (string-ref s i)))
(av-kill-whitespace a (+ i 1))
i)))

(define av-next-tok
(lambda (s i)

(let ((c (string-ref s i))
(len (string-length s)))

(cond
((char=? c A\() (+ i 1))
((char=? c #\)) (+ i 1))
((av-sym? c)
(letrec ((loop (lambda (i)

(if (or (= i len) (not (av-sym? (string-ref s OM
i
(loop (+ i I))))))

(loop (+ i I))))
((av-punct? c)
(letrec ((loop (lambda (i)

(if (or (= i len) (not (av-punct? (string-ref s W))
i
(loop (+ i I))))))

(loop (+ i )))4
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(define av-sym?
(lambda (c) (or (char-alphabetic? c) (char-numeric? c) (char=? c

(define av-punct?
(lambda (c) (and (not (av-sym? 0)) (not (char=? c #\0)

(not (char=? c #.\))) (not (char-whitespace? c)))

CA4 compiler/exp~fr

The contents of the file compiler/exp.fx:

M-- od.: Scheme; Package: SCHEME;--

Data types for use by the front-end of the compiler
(parser, type reconstructor, exp2ic)

Expressions

(def ine-datatype exp;
(variable->exp (ref of type) gyin) I
(bool->exp (ref of type) bool) IBool
(char->exp (ref of type) char) Char
(int->ezp (ref of type) int) ;I mt
(string->exp (ref of type) string) ;IString
(eym->ezp (ref of type) gym) ;I(symbol Syin)
(conditional->exp (ref of type) exp ezp exp) ; I (if El E2 E3)
(begin->exp (ref of type) (listof exp)) ;I (begin El ... )

(abstraction->ezp (ref of type) (listof sym) exp) ; I (lambda (I*) E)
(combination->exp (ref of type) exp (listof emp)) ;I CEO E*)
(binder->ezp (ref of type) (listof definition) exp) ;I (let ((I E)*) E)
(recursion->exp (refof type) (listof definition) emp) ; I (letrec ((I E)*) E)

(define expression-type
(lambda (exp)

(match exp
((variable->ezp- type-ptr .. )(type-ptr))

((bool->exp- - .. )boolean-type)

((char->exp- - .. )character-type)

((int->exp- - .. )integer-type)

((string->ezp- -.. ) string-type)
((sym->exp- - .. )symbol-type)

((conditional->exp- type-ptr . . .) type-ptr))
((begin->exp- type-ptr -.) (- type-ptr))
((abstraction->exp- typ.-ptr - .)(*type-ptr))

((combination->exp- type-ptr - .)Ctype-ptr))

((binder->exp- type-ptr - -.) (- type-ptr))
((recursion->exp- type-ptr -. )(type-ptr))

(define-datatype definition ;(I E)
(make-definition sym exp))
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(define (definition-name d)
(match d

((make-definition" name value) name)))

(define (definition-value d)
(match d

((make-definition" name value) value)))

Types

(def ine-datatype type
(base->type sym) ; base type (bool, int, string, symbol, unit)
(tvariable->type tvariable) ; type variable
(compound->type sym ; ->, listof, etc.

(listof type))
(unknown->type) ; marking yet unconstrained type variables
)

(define boolean-type (base->type (symbol bool)))
(define character-type (base->type (symbol char)))
(define integer-type (base->type (symbol int)))
(define string-type (base->type (symbol string)))
(define symbol-type (base->type (symbol sym)))
(define unit-type (base-type (symbol unit)))
(define unknown-type (unknown->type))

(define same-constructor? eq?)

(define arrow-constructor (symbol ->))

(define make-arrow-type
(lambda (arg-types body-type)

(compound->typo arrow-constructor (cons body-type arg-types))))

(define arrow-takes
(lambda (ty)

(match ty
((compound->type- '-> (cons- bt at)) at))))

(define arrow-returns
(lambda (ty)

(match ty
((compound->type- '-> (cons- bt at)) bt))))

(define is-arrow-type?
(lambda (ty)

(match ty
((compound->type' '-> _) #t)
C_ #f))))

Type names are symbols
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(define same-name? sym=?)

; Type schemas

(define-datatype schema
(make-schema (listof tvariable) type))

(define-datatype tvar-or-schema
(tvar->tvar-or-schema tvariable)
(schema->tvar-or-schema schema))

(define (schema-generics s)
(match s

((make-schema" generics typ) generics)))

(define (schema-type s)
(match a

((make-schema" generics typ) typ)))

Unit value

(define the-unit (:= (ref 0) 0))

C.5 compiler/exp2ic.fx

The contents of the file compiler/exp2ic.fx:

;-- Node: Scheme; Package: SCHEME -X -

;; exp2ic.fx -- convert expr's to icode.

;; Depth-first, syntax-driven translation of expressions into
;intermediate code. The depth-first translation is stack hungry,

;; but we don't expect extremely deep expressions.

The resulting intermediate code is stored on the list "icode-list."
The order of the icode on this list is preserved in the ultimate
machine code, i.e., the order of the list represents flow of

; control through the icode.

; One tricky part is how to generate code for lambda's and letrec's
; because the code for the body does not belong in-line with the call
; to the body. To handle this, we have a list called

; icode-to-be-emitted" which is a list of blocks of icode to be
;; emitted later. When a lambda body is compiled, the icode for the
;; body is put on the icode-to-be-emitted list, while the icode for
;; the closure is put into the current block of icode.

(define icode-list (ref (null))) ; intermediate code collected on this list
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(define generate-icode
(lambda (exp)

(let* ((ignore (reset-label-counter))
(startlabel (new-label "START")))

(begin
(lib-init)
(: icode-to-be-emitted (null))
(: library-icode (null))
(: library-count 0)
C:= sym-label-env (mk-empty-env add-sym))

;; Initialize icode list with translation of a return of the
;; top-level expression along with a label for the start of
;; the program.

( =icode-list

(list (labeldef->icode startlabel)
(return->icode (translate exp standard-c-t-env))))

;; Translating the top-level expression caused some code,
;; e.g., the bodies of lambda's and letrec's, to be put on
;; an auxilary list to be emitted latter. Now's the time to
;; emit it.
(emit-delayed-ic)))))

(define icode-to-be-emitted
;; Icode to be emitted later is put on this list in blocks. A block
;; is a list of icode. Each block is emitted in order, i.e., the
;; order of the list specifies control flow. No order between blocks
;; is guaranteed. Usually each block starts with a labeldef->icode so
;; that other blocks can refer to it.
(ref (null)))

(define emit-ic-later
(lambda (codelist)

(:= icode-to-be-emitted (cons codelist (- icode-to-be-emitted))j))

(define emit-delayed-ic
(lambda ()

(letrec ((flatten ; turns a list of lists into a list
(lambda (iclist-list iclist)

(if (null? iclist-list)
iclist
(flatten (cdr iclist-list)

(append (car iclist-list) iclist))))))
(begin

(: icode-list (append (^ icode-list)
(flatten (- icode-to-be-emitted) (null))))

(:= icode-list (append (- icode-list)
(flatten (- library-icode) (null))))))))
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(define library-icode
The library functions also generate delayed icode. To make the output
clearer (i.e., to hide the ugly library stuff at the end of the outputed

;; code), we put the library icode on a separate list. Before translating
library code, call swap-delayed-icode-lists to swap the
icode-to-be-emitted list with another list for library code. When the
library code is done, the lists should be swapped back.

(ref (null)))

(define library-count
When compiling library code, we may have to compile other library
procedures. To make sure that the delayed icode list gets set
back to the user's list when we stop compiling library code, we
keep count of how deep we are into compiling libray calls within
library calls.

(ref 0))

(define swap-delayed-icode-lists
(lambda 0)

(let ((tap (- icode-to-be-emitted)))
(begin (:= icode-to-be-emitted (- library-icode))

(:z library-icode tmp)))))

(define enter-library
(lambda )

(begin (if (= 0 (- library-count)) (swap-delayed-icode-lists) the-unit)
(:= library-count (+ ( library-count) 1)))))

(define leave-library

(lambda 0)
(begin (:= library-count C- ( library-count) 1))

(if (= 0 (- library-count)) (swap-delayed-icode-lists) the-unit))))

.53



C.5 compiler/exp2ic.fx C uFX/DLX COMPILER IMPLEMENTATION

;; Top-level dispatch for translation

(define translate
(lambda (exp c-t-env)

(match exp
((int->exp - n) (trans-integer n))
((char->exp - c) (trans-integer (char->int c)))
((bool->exp - b) (trans-integer (it b 1 0)))
((string->exp" - s) (trans-string s))
((sym->exp" - s) (trans-symbol s))
((variable->exp° tr var) (trans-variable c-t-env (- tr) var))
((conditional->exp- tr t c a) (trans-conditional c-t-env (- tr) t c a))
((begin->exp" tr exprs) (trans-begin c-t-env (- tr) exprs))
((combination->exp- tr op args) (trans-call c-t-env (- tr) op args))
((abstraction->exp" tr args b) (trans-lambda c-t-env (- tr) args b))
((binder->exp" tr defs b) (trans-let c-t-env (- tr) defs b))
((recursion->exp" tr dots b) (trans-letrec c-t-env (- tr) dels b)))))

;; Integers

(define trans-integer (lambda (n) (int->icode integer-type n)))

;; String

(define trans-string
;; Since strings are vectors of characters, we need a way to translate
;; a string literal into a vector. We do this by making a symbol out
;; of the string literal, and using the sym->string to build the char
;; vector at run-time. (sym->string is in lib.fx)
(lambda (s)

(let ((s2s-type (parse-type '(-> (sym) string))))
(translate (combination->exp ; combination

(ref string-type) ;; this is its type
(variable->exp (ref s2s-type) 'sym->stri.z.

;; this is the function being called
(list (sym->exp (ref symbol-type) (string->sym s))))

these are the arguments.
standard-c-t-env))))

;; (symbol Name)

(define trans-symbol
(lambda (s)

(labelref->icode symbol-type (( sym-label-env) s))))
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(define add-syu
;; If symbol not already in the environment, then make a label for
,; it and put the new label in the environ. Look in table.fx to see
;; how mk-empty-env and ik-binder work.
(lambda (key)

(let ((label (new-label "SYM")))
(begin

(emit-ic-later (list (labeldef->icode label) (sym->icode key)))
(:= sym-label-env ((uk-binder sym=?) key label (- sym-label-env)))
label))))

(define sym-label-env (ref (mk-empty-env add-sym)))

;; Identifiers

(define trans-variable
(lambda (c-t-env ty vax)

(match (c-t-lookup c-t-env var)
;; compilw a normal vat ref as its access path....
((back+over->binding" back over) (var->icode ty back over))

;; but compile prima as if they were (lambda (x y) (+ x y)).
((primitive->binding- prim)

(if (prim-constant? prim)
(prim-constant-form prim) ;; For space, newline, etc. constants
(prim-closure-form prim)))))) ;; For primitive routines (e.g., +)

(if El E2 E3)

(define trans-conditional
(lambda (c-t-env ty tat con alt)

(op->icode ty 'if (list (translate tat c-t-env)
(translate con c-t-env)
(translate alt c-t-env)))))

(begin E*)

(define trans-begin

(lambda (c-t-env ty exprs)
(op->icode ty 'begin (map (lambda (x) (translate x c-t-env,, uxpibjj)j
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;; (lambda (I*) E) -- create a procedure

(define trans-lambda
(lambda (c-t-env ty formals body)

(let ((label (new-label "LANBDA")))
(begin

;; 1. Translate body but emit it later.
(emit-ic-later (list (labeldef->icode label)

(body->icode
ty
(length formals)
(return->icode
(translate body (c-t-bind formals c-t-env)))))

2. Translate the creation of the closure now
(trans-closure ty label)))))

(define trans-closure
;; The ElV reg is defined (as a reg number) in backend/gen.fx
(lambda (ty proc-label)

(alloc->icode ty 2 (list (labelref->icode unknown-type proc-label)
(reg->icode unknown-type ENV)))))

;; (let ((I E)*) EO)
;; For now, compile this as ((lambda I* EO) E*);
;; Can be fancier in the future

(define trans-let
(lambda (c-t-env ty defa body)

(let ((names (map definition-name defs))
(vale (map definition-value defs)))

(translate (combination->exp
(ref (expression-type body))
(abstraction->exp

(ref (make-arrow-type (map expression-type vals)
(expression-type body)))

names
body)

vale)
c-t-env))))
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;; (letrec ((I E)*) EO)
The EUV reg is defined (as a reg number) in backend/gen.fx

;;

(define trans-letrec
(lambda (c-t-env ty defs body)

(let* C(label (new-label "LETREC"))
(new-env (c-t-bind (map definition-name defs) c-t-env))
(trans-vals (lambda (d) (translate d new-env))))

(begin
;; 1. Translate the body of the letrec, but emit it later
(emit-ic-later
(list (labeldef->icode label)

(letrec->icode
(length iefs)
(map trans-vals (map definition-value defs))
(return->icode (translate body new-env)))))

;; 2. Translate a call to the letrec body
(op->icode ty

'call
(list (trans-closure (make-arrow-type 'C) ty) label)))))))

;; (EO E*)

(define trans-call
(lambda (c-t-env ty op operands)

(match op
((variable->exp" _ var)
(match (c-t-lookup c-t-env var)

((primitive->binding" prim)

Yes, all this was to pull out this one case.
Primitives get compiled in-line instead of as calls.

(trans-primitive-combination ty prim operands c-t-env))
C( (trans-unknown-combination ty op operands c-t-env))))

C. (trans-unknown-combination ty op operands c-t-env)))))

(define trans-primitive-combination
;; Trans a call to a primitive procedure
(lambda (ty prim operands c-t-env)

((prim-inline-form prim)
ty
(map (lambda (a) (translate a c-t-env)) operands))))

(define trans-unknown-combination
;; Trans a call to an "unknown" (i.e. computed) procedure
(lambda (ty operator operands c-t-env)

(op->icode ty
'call
(cons (translate operator c-t-env)

(map (lambda (a) (translate a c-t-env)) operands)))))
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;; new-label : symbol -> sexpr

(define label-counter (ref 0))

(define reset-label-counter
(lambda () (:= label-counter 0)))

(define new-label
(lambda (prefix)

(begin (:= label-counter (+ (' label-counter) W))
(string-append (string-append prefix "_")

(int->string (- label-counter))))))

;; The stuff that follows is all for displaying intermediate code
;; (lists of labeled trees) prettily.

(define unparse-icode
(lambda (code)

(letrec ((up-ic-list (lambda (cl) (map unparse-ic cl))))
(match code

((labeldef->icode- lab) lab)
((noop->icode-) 'nop)
((int->icode" - n) u)
((string->icode" s) (list 'string-lit s))
((sym->icode" s) (list 'symbol-lit s))
((word->icode" w) (list 'word-lit w))
((labelref->icode" - lab) lab)
((reg->icode - reg) (list 'r reg))
((op->icode _ s clist) (cons s (map unparse-icode clist)))
((alloc->icode" - i clist) (list 'alloc i (map unparse-icode clist)))
((var->icode - back over) (list 'var back over))
((body->icode - n b) '(body (,n) .(unparse-icode b)))
((letrec->icode" n 1 e)
'(letrec ,(map unparse-icode 1) ,(unparse-icode e)))

((return->icode" code) (list 'return (unparse-icode •o.- ,'

(define display-icode
(lambda (code)
(match code

((labeldef->icode" lab)
(begin (newline) (display lab) (display ":")))

(_ (begin (display . ) (pp (unparse-icode code)),'
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(define old-display-icode ;; for list-of-trees-style s- -

(lambda (code)
(letrec

((ap (lambda () (display .. )
(print-ic-list (lambda (cl)

(begin
(display "(")
(for-each (lambda (e) (print-icods e) (sp)) cl)
(display ")"))))

(print-icode
(lambda (code)

(match code
((labeldef->icode" lab) ; label definitions

(begin (display lab) (display ":") ))
((noop->icode-) , no-op; ignore it.
the-unit)

((int->icode" - n) ; immediate integers
(begin (display n)))

((string->icode" s) ; immediate strings
(begin (display ".string ") (display s) ))

((sym->icode" s) ; immediate symbols
(begin (display ".symbol ") (display a) ))

((word->icode" v)
(begin (display ".vord ") (display w) ))

((labelref->icode" - lab) ; label reference
(begin (display lab)))

((reg->icode - reg) ; register reference
(begin (display "r.") (display reg)))

((op->icode" - s clist) ; operation
(begin (display s) (sp) (print-ic-list clist)))

((alloc->icode" - i clist) ; mem allocation
(begin (display "alloc/") (display i) (print-ic-list clist)))

((var->icode" - back over)
(begin (display "6vat(")

(display back) (display ",")

(display over) (display ')")))
((body->icode" - n b)
(begin (display "body/") (display n)

(display "...) (print-icode b)))
((leMtrec->icode" n 1 e)
(begin (display "letrec/") (display n)

(display '(T,)
(for-each (lambda (x)

(begin (print-icode x) (display " // ")))
;; the // terminates icode trees to make
;; them more easily readable.

1)

(display ") ,1)
(print-icode e)))

((return->icode" code)
(begin (display "return ") (print-icode code)))))))

(match code
((labeldef->icode" _) (print-icode code)) ; special hack for indenting
(_ (begin (display . ) (print-icode code)))))))
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C.6 compiler/ic2oc.fx

The contents of the file compiler/ic2oc.fx:

Node: Scheme; Package: SCHEME.-*-

;;; gen.fx -- translate list of trees to DLX ocode

;; The code generation is by recursive-decent tree rewriting. The
;; intermediate code tree is traversed depth-first by various
;; routines. When one of these routines recognizes the tree it is
;; looking at, it emits code for the tree and re-writes the tree into
;; another tree that indicates where the result was put. For example,
;; a (op->icode ti '+ (reg->icode _ 1) (reg->icode - 2)) will be recognized
;; by the binary operation routine, which will emit the code
";; "add r3, r2. rIl and will rewrite the tree into (reg->icode ti 3).

;; The top level translation procedure is gencode. Its function is to
;; translate root nodes into no-ops, and to translate intermediates
;; and leaves into either reg->icode nodes or int->icode nodes for
;; small integers. Passing up the small integers allows us to take
;; advantage of operations w/ special forms for small immediates. The
;; various routines called by gencode first translate the subtrees of
;; a node by calling gencode recursively, then translating the

;; simplified node through case analysis. Thus we use
;; recursive-decent parsing to ''divide and conquer.''

(define ocode-list (ref (null))) ; generated code will go here.

(define emit
(lambda (op rands) (:= ocode-list (cons (nsn op rands) (- ocode-list)))))

(define emit-lw
(lambda (dst slot block) ; reg#:int slot#:int reg:int

(emit 'lw (load->rands dat (otag slot) block))))

(define emit-sw
(lambda (slot block .rc) ; reg#:int slot#:int reg#:int

(emit 'sw (store->rands (otag slot) block .rc))))

(define emit-error ; for better error reporting (and locating!)
(lambda (a)

(begin

(display a)
(newline)

(emit 'error (err->rands a)))))
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;;input comes from icodo-list; output goes to ocode-list.

(define generate-ocode
(lambda 0)

(begin
(:= ocode-list (null))
(init-reg-allocator)
(for-each (lambda (x) (gencode W) (- icode-list))

(:ocode-list Creverse-list (- ocode-list))))))

;;Top-level code generators -- translate any kind of icode node.

(define gencode ;->(icode) icode)
Translate roots into noop->icode; all others into either
reg->icode or int->icode (for small ints). In the register case,
gencode will allocate a register, and gencode'u caller must
deallocate it.

(lambda (code)
(match code
((znoop->icod*-) code)
((labeldef->icode- 1) (gen-labdef 1))
((body->icode- ty num-args body) (gen-body ty num-args body))
((letrec->icode- uvari vars body) (gen-letrec nvars vars body))
((retu~rn->icode- e) (gen-return e))
((string->icode- s) (gený-string sW
((sym->icode- a) (gen-symbol s))
((word->icode- w) (gen-word w))

C(op->icode- ty o 1) (gen-op ty o 1))
C(alloc->icode' ty i codelist) (gpn-alloc ty i codelist))

C(labelref->icode- ty 1) (gen-labref ty 1))
((int->icods- ty n) (gen-intref ty n))
((reg->icode- - r) code)
((var->icode- ty back over) (gen-va~rref ty back over)))))

(define full-gencode ; (-> (icode) icode)
;;Same as gencode except no in~t->icode are returned

(lambda (code)
(let ((code2 (gencode code)))

(match code2
((int->icode- ty n)
(let ((target (allocate-reg)))

(begin
(emit laddi (rri->rands target ZERO (int->string (itag W)))
(reg->icode ty target))))

C..code2)))))
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(define target-gencode
;; Same as gencode except value is stored into specified register
(lambda (code target)

(let ((ty (match (gencode code)
((reg->icode" ty r)
(if (= r target)

ty
(begin (emit 'or (rrr->rands target r ZERO))

(deallocate-reg r)
ty)))

((int->icode" ty i)
(begin

(emit 'addi (rri->rands target ZERO (int->string (itag i))))
ty))

(_ unit-type))))
(reg->icode ty target))))

;; Translation for. roots of intermediate code

(define gen-labdef
(lambda (1) (begin (emit 'laLeldef (label->rands 1)) (noop->icode))))

(define gen-string
(lambda (s) (begin (emit 'stringdef (string->rands s)) (noop->icode))))

(define gen-symbol
(lambda (s) (begin (emit 'stringdef (string->rands (sym->string s)))

(noop->icode))))

(define gen-word
(lambda (W) (begin (emit 'worddef (word->rands w)) noop->icode))))

(define gen-return ; (-> (icode) icode)
;; Emit code to compute return result into VAL register, then emit
;; code to jump to caller (return address taken from activation
;; frame).
(lambda (e)

(begin
(target-gencode e VAL)
(emit-lw ATEMP 2 FP)
(emit 'jr (r->rands ATEMP))
(emit 'nop (nop->rands))
(noop->icode))))
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;; Generate code for a lambda body. Assumptions: reg ARGO contains

;; the address of the closure used to call us, and regs ARG1..ARGn

;; contain our params. The closure is the pair (codeaddr environmentptr).

(define gen-body
(lambda (ty num-args body)

(lot ((save-args (map (lambda Cx) (reg->icode unknown-type x))
(integers-between ARGI (+ ARGO num-args))))

(stack-env? (stack-allocate-environment-frame? (ictype body) body)))

(begin
;; Allocate new env frame, link into static chain (available in
;; closure passed in ARGO), and save parameter values into it.
(gen-alloc-block stack-env? (+ num-args 1) ENV) ; low frame
(emit-lw ATEMP 1 ARGO) ; Head of old static chain
(emit-sw 0 ENV ATEMP) ; link new frame into static chain
(gen-fill-block ENV I save-args) ; Sv args in new env
(gencode body)))))

(define gen-letrec
Same as lambda except we fill the new environment with evaluations
of the letrec variables instead of with argument registers.

(lambda (num-vars vars body)
(let ((stack-enh? (stack-allocate-environment-frame? (ictype body) body)))

(begin
(gen-alloc-block stack-env? (+ num-vars 1) ENV) ; Alloc env frame
(emit-lw ATE"P I ARGO) ; Lnk in2 static chain
(emit-sw 0 ENV ATUP)
(gen-fill-block MEV I vars) ; Fill frame slots w/ letrec variables
(gencode body)))))

(define stack-allocate-environment-frame?
(lambda (ty body) ft))

;; Compile forms that call closures.

(define gen-call
;; Remember that first argument in arglist is the closure to call.
(lambda (ty arglist)

(let ((label (new-label "RETURN"))
(stack-act? (stack-allocate-activation-trame? ty arglist)))

(begin
(gen-begin-activation ; Emit code to allocate and fill actja.xon fi.,e
stack-act? FrameSize label)

(simulate-stackframe-push) ; Since reg's are saved, we can use them
(gen-arguments arglist) ; Emit code to compute arguments
(emit-lw ATEXP 0 ARGO) ; Get address from closure
(emit 'jr (r->rands ATEMP))
(emit 'nop (nop->rands))
(emit 'labeldef (label->rands label)) ; Here's the return label
(gen-end-activation) ; Emit code to restore registers
(simulate-stackframe-pop)
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(lot ((result (allocate-rag))) ; Alloc a rag to put result
(begin (emit 'or (rrr->rands result VAL ZERO))

(reg->icode ty result)))))))

(define stack-allocat e-act ivat ion-frame?
(lambda (ty arglist) #f))

(define gen-jump
;; Generates a jump rather than a call to a closure. The first
;; argument in arg list is the closure to jump to.
(lambda (ty arglist)

(begin
(s imulat e-st ackframe-push)
(gen-arguments arglist)
(emit-lw ATEMP 0 ARGO)
(emit 'jr (r->rands ATENP))
(emit 'nop (nop->rands))
(simulate-stackframe-pop)
(int->icode ty 0))))

(define gen-arguments
;; compile args into arg rags. return last-used arg rag.
(lambda (arglist)

(letrec ((loop (lambda (l r)
(if (null? 1)

the-unit
(begin (allocate-specific-reg r)

(target-gencode (car 1) r)
(loop (cdr 1) (+ r 1)))))))

(loop arglist ARGO))))

(define gen-intref ; (-> (int) icode)
;; Small integer values are are passed up. For larger integers, a
;; register is allocated for the int and code is emitted to move the
;; int into the register.
(lambda (ty n)
(cond ;; ((= n 0) (reg->icode ty ZERO)) 1O WRK <= way dst rgs R pckd

((intI6? (itag n)) (int->icode ty n))
(else (let ((target (allocate-rag))

(tn (int->string (itag u))))
(begin
(if (and (> n 0) (< n 32768))

(emit 'addui (rri->rands target ZERO tn))
(begin (emit 'lhi (ri->rands target (maw tn)))

(emit 'on (rri-rands target target (lAw tn)))))
(reg->icode ty target)))))))
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(define gen-labref ; (-> (string) icode)
;; Allocate reg and emit code to move value of label into it.
(lambda (ty lab)

(let ((target (allocate-reg)))
(begin

(emit 'lhi (ri->rands target (msw lab)))
(emit 'ori (rri->rands target target (low lab)))
(reg->icode ty target)))))

(define gen-varref
(lambda (ty back over)

(leot ((Utarget (allocate-reg)))
(begin (emit-lw target over (localref back))

(reg->icode ty target)))))

(define localref ; (-> (int) int)
Emits code to walk up static chain. Returns register pointing to
frame; local variable can be accessed by loading relative to this
pointer.

(lambda (back)
(letrec ((walk-up (lambda (a)

(if (= a 0)
the-unit
(begin

(emit-lw ATEMP 0 ATEMP)
(walk-up - 1)))))))

(it (z back 0)
EIV
(begin (emit-lw ATEMP 0 EYV)

(walk-up (- back 1))
ATEMP)))))

;; Translation for operators
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(define gen-if
(lambda (ty args)

(let ((treg (reg-num (full-gencode (car args))))
(con (car (cdr args)))
(alt (car (cdr (cdr args))))
(elselabel (new-label "ELSE"))
(joinlabel (new-label "JOIN")))

(begin
(emit 'beqz (ri->rands treg elselabel))
(emit 'nop (nop->rands))
(deallocate-reg treg)

(target-gencode con VAL)
(emit 'j (i->rands joinlabel))
(emit 'nop (nop->rands))

(emit 'labeldef (label->rands elselabel))
(target-gencode alt VAL)
;; (emit 'j (i->rands joinlabel)) ; let this case fall through...
;; (emit 'nop (nop->rands))

(emit 'labeldef (label->rands joinlabel))
(let ((result (allocate-reg))) ; Alloc a reg for result

(begin (emit 'or (rrr->rands result VAL ZERO))
(reg->icode ty result)))))))

(define gen-begin
;; Gen code for a list of expressions, returning value of last in
;; list. Incoming list must have at least one element.
(lambda (ty codelist)

(let ((result (gencode (car codelist))))
(if (null? (cdr codelist))

result
(begin

(match result ((reg->icode - r) (deallocate-reg r)) (_ the-unit))
(gen-begin ty (cdr codelist)))))))

(define gen-alloc
;; Generate code to allocate and fill a block of memory whose size
;; is fixed at compile time. Used for allocating cons cells, pairs,
; and closures.
(lambda (ty size codelist)

(let ((blkptr (allocate-reg)))
(begin

(gen-alloc-block #f size blkptr) ; Gen call to blk alloc'er
(gen-fill-block blkptr 0 codelist) ; Fill blk w/ values
(reg->icode ty blkptr)))))
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(define gen-alloc-block
Emit code to call allocation routine, putting address of

allocated block in register whose number is passed in blkptr.

(lambda (stack-alloc? size blkptr)
(begin
(w it 'eor (rri->rands ATEMP ZERO (int->string (itag size))))
(if stack-alloc?

(emit 'jal (i->rands "_SALLOC"))
(emit 'jal (i->rands "_ALLOC")))

(emit 'nop (nop->rands))
(emit 'or (rrr->rands blkptr ZERO ATEMP)))))

(define gen-f ill-block

;; Emit code to fill a block with values. The values to fill the
,; block with are the results of evaluating codelist. The slots to
;; put these results start at offset(blkptr) and go up from there.
";; "offset" is slot number.
(lambda (blkptr offset codelist)

(if (null? codelist)
the-unit
(let ((src (reg-num (full-gencode (car codelist)))))

(begin
(emit-sw offset blkptr src)
(deallocate-reg src)
(gen-fill-block blkptr (+ offset 1) (cdr codelist)))))))

(define gen-begin-activation

;; Emit code to allocate and fill an activation frame. Updates FP
;; register (and SP if stack-allocate? is true). Trashes ATEMP and

;RETADR.
(lambda (stack-allocate? FeAize return-label)

(gen-a.lloc-block stack-allocate? Feize ATEMP)
(emit-sw 0 ATEMP FP) ; Save old frame pointer
(emit 'or (rrr->rands FP ZERO ATEMP)) ; Load new frame into FP
(if stack-allocate?

(begin
(emit 'addi (rri->rands ATEMP SP (int->string (* 4 (J Fsize 1)))))
(emit-sw 1 FP ATEMP)) ; Save old value of stack pointer

(emit-sw I FP SP))

(emit 'lhi (ri->rands ATEMP (maw return-label)))
(emit 'ori (rri->rands ATEMP ATEMP (lsw return-label)))
(emit-sw 2 FP ATEMP) ; Save return address

(emit-sw 3 FP ENV) ; Save environment pointer
(emit 'jal (i->rands "-SAVE"))
(emit 'nop (nop-rands))))
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(de~fine gen-end-activation
;;Emit code to reutore registers saved in activation frame.
;;Trashes ITEMP and RETA.DR.

(lambda 0)
(emit 'j al (i->ranuds "-RESTORE"))
(emit 'nop Cnop->rands))
(emit-lw ENV 3 FP)
(emit-lw SP 1 FP)
(emit-lw FP 0 FPM)

(define gen-not
(lambda (ty args)

(let ((reg (reg-num (fuil-gencode (car args)))))
(begin

(emit 'Iori (rri->rands reg reg (int->string Citag 1M)))
(reg->icode ty reg))))

(def ine gen-assign ; - M(istof icode)) icode)
(lambda Cty axgs)

(let ((sreg (reg-nuu (full-gencods Ccadr argM)))
(dreg (reg-num (full-gencods (car args)))))

(begin
(emit-sw 0 dreg sreg)
(deallocate-reg dreg)
(deallocate-reg areg)
(int->icode ty (itag 0))))))
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(define gsa-load ; (-> ((listof icode)) icode)
,;The first operand is a base pointer, i.e., a tagged pointer to a
,;block of memory created by alloc. The second is an integer index
,;pointing to a slot inside that block of memory. Those slots are
,;numbered consecutively 0, 1, 2, ... The index must be turned
,;into a byte offset, which is 4x the index number, then added into
the base, either with an explicit add or with the

,;load-with-displacement ocode.
(lambda (ty args)

(let ((base (reg-num (full-gencode (car args))))
(disp (gencode Ccadr argM)))

(match disp
C(int->icode' - i)
(begin
(if (intI6? (otag i))

(emit-lw base i base)
(let ((dispr (reg-num (full-gencode disp))))

(emit 'alli (rri->rands dispr dispr "I"))
(emit 'add (rrr->razids base base dispr))
(emit-lw base 0 base)
Cdeallocate-reg dispr))

(reg->icode ty base))
C..(let ((dispr (reg-num (full-gencode diap)))

(emit 'slli (rri->rands dispr dispr "I"))
(emit 'add (rrr->rands base base dispr))
(emit-lw base 0 base)
(deallocate-reg dispr)
(reg->icode ty base)))))))
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(define gen-vec-alloc
;;Generate code to allocate and fill a block of memory where both the
;;Size and the contents of the block are computed at compile time. ill
;;slots of the block are filled with the same value. Used for allocating
;;vectors.

(lambda (ty codelist)
(let* C(blkptr (allocate-reg))

(size (reg-num (full-gencode (car codelist))))
(filler Creg-num (full-gencode (cadr codelist)))
(loop (new-label "LOOP"))
(test (new-label "TEST")))

(begin
(emit 'or (rrr->rands ATEMP ZERO size))
(emit 'jal (i->rands "...LLOC"))
(emit 'nop (nop->rands))
(emit 'or (rrr->ranuds blkptr ZERO ATEMP))
(emit Ii (i->rands test))
(emit 'nop (nop->rands))

(emit 'labeldef (label->rands loop))
(emit-sw 0 ATEMP filler)
(emit 'addi (rri->rands ATEMP ATEMP (int->string 4))

(emit Ilabeldef (label->rands test))
(emit 'subi (rri->rands size size (int->string 2))
(emit 'buez: (ri->rands size loop))
(emit 'nop (nop->rands))

(deaJllocate-reg size)
(deallocate-reg filler)
(reg->icode ty blkptr)))))

(define gen-vec-length
(lambda (ty codelist)

(let ((vac (reg-nun (full-gencode (car codelist)))))
(begin

(emit-lw vec -1 vec)
(reg->icode ty vac)))))
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(define gen-voc-set!
(lambda (ty codelist)

(let* ((vec (rag-guim (full-gencode (car codelist))))

(idxz (gencode Ccadr codelist)))
(val (reg-num Clull-gencode (cadr (cdr codelist))))

(begin
(match idx
((int->icode' - i)

(if (intie? (otag i))
(omit-sw i vec val)
(let ((dispr (reg-num (full-gencode idx))))

(begin
(emit 'mlli (rri->rands dispr dispr "1"))

(emit 'add (rrr->rands vac vec dispr))
(emit-sw 0 vac val)
(deallocate-reg dispr)))))

((reg->icode- - dispr)
(begin

(emit 'lili (rri->rands dispr dispr "I"))
(emit 'add (rrr->ands vec vec dispr))
(emit-sw 0 vec val)
(dealiocate-reg disprM))

(deallocate-reg vp.)
(dea~liocate-reg vac)
(int->icode ty 0))))

(define gen-sym2string
(lambda (ty codelist)

(let ((sym (reg-num (iuli-gencode (car codelist)))))
(begin

(emit 'or (rrr->rands ATEMP sym ZERO))
(emit 'jal i->rands "..SYNSTRING11))
(emit 'nop (nop->rands))
(emit 'or (rrr->rands sym ATEMP ZERO))
(reg->icode ty sym)))))

(define gen-put-char
(lambda (ty codelist)

(begin
(target-gencode (car codelist) ATEMP)

(emit 'jal (i->rands '%TPUTCHIR0)) ; arg is tagged, so use tagged vers.
(emit 'nap Cnop->rands))
(int->icode ty 0))))
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(define gen-op ; (-> (op (listof icode)) icode)
The code generators for each type of operator are kept in a table
indexed by the operation symbol. As mentioned before, code

;; generation is by recursive decent: we translate sub-trees first by
;; calling gencode, then translate the operator.
(lambda (ty op args) ((op-table op) ty args)))

(define make-binop-gen
;; Code generators for aln binary op's all look the same, so abstract.
(lambda (op opi)

(lambda (ty args)
(let ((1 (reg-num (full-gencode (car args))))

(r (gencode (cadr args))))
(begin

(match r
((int->icode" - n)
(emit opi (rri->rands 1 1 (int->string (itag n)))))

((reg->icode" - rreg)
;; Do the general thing
(begin (emit op (rrr->ranids 1 1 rreg))

(deallocate-reg rreg))))
(reg->icode ty 1))))))

(define make-binop-gen2
;; Binary operators v/ no built-in ALU operation
(lambda (emitter)

(lambda (ty args)
(let ((M (reg-num (full-gencode (car args))))

(r (reg-num (full-gencode (cadr args)))))
(begin (emitter 1 r)

(deallocate-reg r)
(reg->icode ty 1)))))

(define emit-mul
(lambda (1 r)

(begin (emit Imovi2fp (rr->rands FPO 1))
(emit Israi (rri->rands ATEMP r %"))
(emit Imovi2fp (rr->rands FP1 ATEMP))
(emit 'mult (rrr->rands FP2 FPO FPI))
(emit Imovfp2i (rr->rands 1 FP2)))))

(define emit-div
(lambda (l r)

(begin (emit 'movi2fp (rr->rands FPO 1))
(emit 'movi2fp (rr->rands FPI r))
(emit 'div (rrr->rands FP2 FPO FP1))
(emit 'movfp2i (rr->rands 1 FP2))
(emit 'slli (rri->rands 1 1 "1"))))
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(define emit-remainder
(lambda (1 r)

(begin (emit 'movi2fp (rr->rands FPO 1))
(emit 'movi2fp (rr->rands FPI r))
(emit 'div (rrr->rands FP2 FPO FPW))
(emit 'mult (rrr->rands FP3 FP2 FPW))
(emit 'movfp2i (rr->rands ATEMP FP3))
(emit 'sub (rrr->rands 1 1 ATEMP)))))

(define op-table
(let ((empty (lambda (bad-op)

(emit-error (string-append "bad op: " (sym->string key)))))
(op-list

'((÷ ,(make-binop-gen 'add 'addi))
(- ,(make-binop-gen 'sub 'subi))
(seq ,(make-binop-gen 'seq 'seqi))
(slt ,(make-binop-gen 'slt 'slti))
(sle ,(make-binop-gen 'sle 'slei))
(sgo ,(make-binop-gen 'sgt 'sgti))
(sge ,(make-binop-gen 'sge 'sgei))
(* ,(mak*-binop-gen2 emit-mul))
(/ ,(make-binop-gen2 emit-div))
(remainder ,(make-binop-gen2 emit-remainder))
(: ,gen-assign)
( ,gen-load)
(vec-alloc ,gen-vec-alloc)
(vec-set ,gen-vec-set !)
(vec-length *gen-vec-length)
(sym2string ,gen-sym2string)
(put-char ,gen-put-char)
(not ,gen-not)
(call ,gen-call)
(jump ,gen-jump)
(if ,gen-if)
(begin ,gen-begin))))

(list2env empty sym=? op-list)))

; Tags:
The least significant bit of each machine word is used as a tag so that
the garbage collector can distinguish pointers from integers. All
integer values are shifted up one bit position (i.e., multiplied by
two) to have a zero tag. Pointers (which all point to things on word
boundaries, and so are all multiples of four) are given a tag of 1. To
dereference a pointer, one must subtract one from it before indirecting
through it.

(define itag (lambda (i) (e 2 i))) ; tag an integer
(define de-itag (lambda (i) (quotient i 2)))

73



C.6 cornpiler/ic2oclfx C 1 1FX/DLX COMPILER IMPLEMIENTATION

(define otag
For referencing into object slots. Takes a slot number and
returns an offset which, when added to a pointer, add~resses the
desired data value. (Remember slot -1, the size of the object,
is stored at address "tagged-.pointer - I," slot 0 at

"; tagged-.pointer + 3,"1 etc.)
(lambda (slot) (+ (* slot 4) 3)))

(define de-otag (lambda Wi (/ C- i 3) 4)))

(define intl6? ; C-> (int) bool)
(lambda Wu (and ( n 32787) (>= n -32788))))

(define maw
(lambda (1)
(string-append "("(string-append 1 ")»>16)&OxzOOOtff f")))

(define lsw
(lambda (1) (string-append "C"1 (string-append 1 ")&Oxffff"I))))

(define FrameS1ze 28)

;;Symbolic names for some registers (local to this file with one
;;exception noted below).

(define ZERO 0)
(define VAL. 1)
(define MN 2) ;this def is used in ezp2ic.fx
(define FP 3)
(define SP 4)
(define HP 5)
(define ARGO 6)
(define ARGI 7)
(define ARG2 8)
(define ARG3 9)
(define ARG4 10)
(define ARGS 11)
(define ARG8 12)
(define LAG? 13)
(define ARG8 14)
(define ARG9 15)
(define TOPAIG 29)
(define ATEMP 30)
(define RETADR 31)

(define FF0 0)
(define FF1 1)
(define FF2 2)
(define FP3 3)
(define FP4 4)
(define FP5 5)
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;;Register allocation

The following def's are local to the allocator

(define *free-regse (ref (generate-vector 0 (lambda Wi stm))
(define *free-reg-stack* (refat )
(define *num-allocatableap (+ I (- TOPAIG ARGO))

(define allocatable-reg? (lambda Cr) (and (<= ARGO r) (<= r TOPARG))))
(define rag-free?
(lambda Cr) (and (allocatable-reg? r)

(vector-ref (- *free-regs*) C- r ARGO))))

(define take-reg! (lambda Wr (vector-set! C free-regas) (-r ARGO) #f)))
(define put-reg! (lambda Cr (vectco.-set' ( *free-regs*) C-r ARGO) #t)))

The following def's are exported by the allocator, but are local to
;;this file.

(define init-reg-a~llocator
(lambda 0)

(begin
C:*free-reg-stack* '0)
(:*free-regs* (generate-vector *uum-allocatable* (lambda Ci) #t))))))

(def ine allocate-reg
(lambda 0)
(letrec ((oop (lambda Cr) (cond ((> r TOPARG) (error "Out of registers."))

(Creg-free? r) (begin (take-reg' r) 0))
(else (loop (+ r 1)))))))

(loop ARGO)))

(define allocate-specific-reg

(lambda Cr
(if (reg-free? r)

(begin (take-reg! r) r)
(error "Register needed twice.")))

(define deallocate-reg
(lambda (reg)
(if (allocatable-reg? rag)

(put-reg! reg)
the-unit)))

(define highest-used-reg
(lambda 0)

(letrec ((loop (lambda (r) (cond ((< r ARGO) ARGO)
((not (reg-fre.? r)) r)
(else (loop C- r 1)))

(loop TOPARG))))
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(define simulate-stacktframe-push
(lambda 0)

(begin
(:=*tree-reg-stack* (cons (- *free-regs*) (- *free-reg-stack*)))
(: stree-regs* (generate-vector *num-allocatable* (lambda i) #t))))))

(def ine simulate-stackframe-pop
(lambda )

(begin
(: *free-regs* (car (- *free-reg-stack*)))
(: *free-reg-stack* (cdr (- *free-reg-stack*))))))

C.7 compiler/icode.fx

The contents of the file compiler/icode.fx:

;; -*- Mode: Scheme; Package: SCHEME -e-

(def ine-datatype icode
; tree roots:

(labeldef->icode string) ; label definitions
(body->icode type int icode) ; stack-act stack-env
(letrec->icode int (listoe icode) icode) ; num-vars vars body
(noop->icode) ; no-op
(string->icode string) ; immediate strings
(sym->icode sym) ; immediate symbols

intermediate nodes

(return->icode icode) ; return an e' 7
(op->icode type sym (listoe icode)) ; primitive operations
(alloc->icode type int (listoe icode)) ; mon allocation

; leaf nodes

(labelref->icode type string) ; refs to labels
(int->icode type int) ; immediate integers
(reg->icode type int) ; register ref (for codegen...
(var->icode type int int) ; var refs (back, over)
(word->icode string)) ; For labels used as ints. This

node can also - ,

(define noop (noop->icode)) ; only need one of these...

(define reg-num ; quick access to register numbers
(lambda (icode) (match icode ((reg->icodeo _ n) a))))
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(define ictype
Find the high-level type associated with a piece of icode. Note that
this operation is not appropriate for all icodes. For example, there
is no type associated with labeldef->icode. The only root with a
type slot is the body slot: this type does not give the type of the
expression, but rather is just a way to communicate down the types
of the arguments. return->icode does not have a type slot because
the type of that expression is just the type of the value being returned.
word->icode does not have a type slot because it is used for internal
compiler stuff.

(lambda (ic)
(match ic

((body->icode" ty _ _) ty)
((letrec->icode" - ic) (ictype ic))
((return->icode" ic) (ictype ic))
((op->icode" ty - -) ty)
((alloc->icode" ty - -) ty)
((labelref->icode" ty -) ty)
((int->icode" ty _) ty)
((reg->icode" ty _) ty)
((var->icode" ty _ _) ty))))

C.8 compiler/lib.fx

The contents of the file compiler/lib.fx:

-*- Mode: Scheme; Package: SCHEME -*-

;; lib.fx -- compile-time environments and built-ins

This file contains the compile-time environments and built-in
;; primitives for mico-FX built-ins. There are two compile time
;; environments, one for the type reconstructor (standard-type-env)

and another for the exp2ic translator (standard-c-t-env). This
;; file exports the following variables:

;; lib-init:(-> C) unit)
Initializes stuff internal to library; needs to be called once

per compilation.

;; c-t-lookup:(-> (c-t-env sym) binding)
Returns the binding for sym; aborts with error if not found.

;; c-t-bind:(-> ((listof sym) c-t-env) c-t-env)
Returns new environment with a new lexical level containing

the list of symbols pushed onto the old environment.
;; standard-c-t-env:c-t-env

Standard environment defined by microFX (containing bindings
;; for +, -, etc.).

The c-t-env abstract type is defined by operations in this file. The
environment itself is an abstract type defined by two operations:
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;; (define-datatype binding
;; (back+over->binding int int)
; ; (primitive->binding prim))

The "binding" data type is returned by c-t-lookup. back+over is
;; for variables defined by the code being compiled: back indicates
;; how far down the static chain the variable resides (0 ==>
;; variable is in current environment), over indicates how far over

in the environment frame the variable resides.

;; "prim" is an abstract data type used for variables defined by
;; microFl. It has the operations:

;; prim-constant?:(-> (prim) bool)
Returns true iff primitive is a constant (eg, the-unit)

;; rather than a function (eg, +).
;; prim-inlins-form:(-> (prim) (-> ((listof icode)) icode))

For functional primitives, returns a function that takes a
list of icode which are the arguments to the function and
returns icods that computes the function on those arguments.

;; prim-closure-form:(-> (prim) izode)
For functional, primitives, returns icode which is a closure

for the indicated primitive.

lots that prim-inline-form and prim-closure-form can modify the
library-icods list, a list of auxilary icode needed by library
functions.

(define lib-init
(lambda 0) (:= prim-closure-env (mk-empty-env add-prim-closure))))

(define-datatype prim
The following data structure is used inside this module to hold

; important data about the built-ins in the library. For built-ins
;; coded in assembly language, the structure holds the label of the
;; routine. For library routines coded in micro-FX, the structure
;; contains the unparsed micro-Fl expresssion for the routine. For
;; library routines that can be inlined (e.g., +, - *), the
;; structure holds both an unparsed expresssion for the routine plus
;; a procedure that takes a list of arguments (in icode form) and
;; returns icode for the inlined procedure. The first is used in
;; situations like '+, while the second is used in situations like (+ x y).
(asm->prim ty label) ; prim coded in assy lang (in "microFl/runtime)
(cnst->prim icode) ; prim is a constant
(lib->prim sexp) ; prim coded in microFl
(inline->prim sexp (-> ((listof icode)) icode))) ; inline-able prim
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(define-datatype binding
Bindings held in the compile-time environment. Primitives are
wrapped up as uniqueof's so we can have a table of them (using eq?).
(The type (uniqueof t) denotes the set of values for which each
element of type is distinguishable. In other words, it's a promise
to the compiler that there's no sharing of elements, so eq? will
works. The current minifx interpreter doesn't actually do anything
with this information, but there's always tomorrow...)

(primitive->binding (uniqueof prim))
(back+over->binding int int))

;; Code implementing c-t-env used by exp2ic. We don't use our
;; usual environments here so we can encode back+over in the
;; lambda's that make up the environment.
(define empty-c-t-env (lambda (var) (error "unbound variable" var)))

(define c-t-lookup (lambda (c-t-env var) (c-t-env var)))

(define c-t-add-prims
(lambda (ops prima env)

(letrec '(loop (lambda (var ops prima)
(if (null? ops)

(env var)
(if (same-variable? (car ops) var)

(primitive->binding (car prims))
(loop var (cdr ops) (cdr prims)))))))

(lambda (var) (loop var ops prima)))))

(define c-t-bind

(lambda (formals c-t-env)
(lambda (var)

(letrec ((loop (lambda (i formals)
(if (null? formals)

(match (c-t-lookup c-t-env var)
((back+over->binding" back over)
(back+over->binding (+ back 1) over))

(binding binding))
(if (same-variable? var (car formals))

(back+over->binding 0 i)
(loop (+ i 1) (cdr formals)))))))

(loop I formals)))))

(define prim-constant?

(lambda (prim)
(match (value prim)

((cnst->prim" ic) #t)
(_ #f))))

(define prim-constant-form ;; (-> (prim) icode)
(lambda (prim)

(match (value prim)
((cnst->prim" ic) ic))))
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(define prim-inline-form ;; C-> (prim) (-> (ty (listof icode)) icode))

(iambda (prim)
(match (value prim)

(Cinline->prim" - emitter) emitter)
C_ (lambda (ty args)

(op->icode ty 'call (cons (prim-closure-form prim) args)))))))

(define prim-closure-form ;; (-> (prim) icode)
(lambda (prim) (( prim-closure-env) prim)))

Closures for library routines are created only once and are
;; memoized in prim-closure-sev, defined below.

(define add-prim-closure
;; If primitive not already in the environment, then make a closure
;; icode for it and insert that icode into the table
(lambda (prim)

(begin (enter-library) ;; Trans lib fn's w/ separate delay list
(let ((closure (make-prim-closure prim)))

(begin (:= prim-closure-env
((mk-binder eq?) prim closure (- prim-closure-ynv)))

(leave-library) ;; Back to normal
closure)))))

(define prim-closure-euh (ref (mk-empty-env add-prim-closure)))

(define make-prim-closure
;; There's no closure for this prim yet (first-time reference). Make one.
(lambda (prim)

(match (value prim)
((asm->prim" ty label) ; asm prim: grab closure.
(trans-closure ty label))

((inline->prim" sexp ) ; inline prim: create and compile one.
(let* ((exp (parse sexp))

(type (reconstruct-top exp)))
(translate exp standard-c-t-env)))

((lib->prim" soxp) ; same for lib prims.
(let* ((oxp (parse sexp))

(type (reconstruct-top erp)))
(translate exp standard-c-t-env))))))

;; Functions to create icode for inlined primitive operations

(define uk-op-prim ;; + - * quotient ...
(lambda (op) (lambda (ty arglist) (op->icode ty op arglist))))

(define mk-cons-prim ;; Data constructor: cons, p i%, ref
(lambda (size)

(lambda (ty arglist) (alloc->icode ty size arglist))))
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(define mk-sel-prim
Projection functions: car, cdr, left, right, etc.
Tagging implements a check for (car (null)) or (cdr (null))

(lambda (offset)
(lambda (ty arglist)

(op->icode ty (list (car arglist)
*iut->icode integer-type offset))))))

(define assign-prim ; For :=
(lambda (ty arglist) (op->icode ty ':= arglist)))

(define neg-prim
(lambda (ty arglist) (op->icode ty 'sub (cons (int->icode ty 0) arglist))))

(define null-prim
The empty list is represented as immediate 0. It's untagged so
the garbage collector doesn't try to follow it.

(lambda (ty arglist) (int->icode ty 0)))

(define null?-prim
(lambda (ty arglist)

(op->icode ty 'seq (list (car arglist) (int->icode integer-type 0)))))

(define sym->string-prim
(lambda (ty arglist) (op->icode ty 'sym2string arglist)))

(define cvt-prim ;; Pass argument straight thru -- for type coersion
(lambda (ty arglist) (car arglist)))

(define put-char-prim
(lambda (ty arglist) (op->icode ty 'put-char arglist)))

(define void-prim
Cons up a fake argument. In real life, this routine should generate
code to crash the system.

(lambda (ty arglist) (int->icode ty 0)))

(define void-name
;; Make it hard for the user to get at the void function
(string->symbol "the void function"))

(define no-prim
(lambda (ty arglist) (error "Unimplemented primitive used.")))

;; Most built in functions are written in micro-FX code. This code is
;; listed below. These expressions are evaluated in the standard
;; compile time environment, built-ins can call one another.

;; Char prims
(define mk-char-ci-pred

(lambda (op) '(lambda (x y) (,op (zhar-downcase x) (char-dovncase y)))))

(define 1-char-alphabetic?
'(lambda (x) (or (char-lower-case? x) (char-upper-case? x))))
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(define 1-char-numeric?
,(lambda Wx

(and (>(char->int x) (char->int #\o))
(<Cchar->int x) (char->int #\o)))))

(define l-cha~r-whitespace?
,(lambda Wx

(or (=(char->int x) (char->int space))
((chax->int x) (char->int tab))
(=(char->int x) (char->int page))

(define 1-char-lover-case?
'(lambda Wx

(and (>= (char->int x) (char->int #\a))
(<= (char->int x) (char->int #\z)))))

(define 1-char-upper-case?
'(lambda Wx

(and (>= (char->iut x) (char->int *\A))
(<= (char->int x) (char->int #\Z)))))

(define l-char-upcase
'(lambda Wx

(if (char-lover-case? x)
(int->cha~r (+ (char->int *\A) (- (char->int x) (char->int *\a))))
X))

(define 1-char-downc' -
'(lambda Wx

(if (char-upper-case? x)
(int->char (+ (char->int *\a) C-(char->int x) (char->int #\A))))
X))

;;List prima

;;(define 1-act-car'
;;(define l-set-cdr!

(define 1-length
'(lambda (1)

(letrec ((oop (lambda (1st len)
(if (null? 1st) len (loop (cd~r 1st) (+ len 1))))

(loop 1 0M)))

;;(define 1-append

(define 1-reverse ; inifx doesn't have this built-in.
'(lambda (1)

(letrec ((loop (lambda (lit rev)
(if (null? 1st)

rev
(loop (cdr lb (cons (car 1st) rev))))))

(loop 1 (null))))
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(define 1-list-tail
(define 1-list-ref
(define 1-map
(define 1-for-each
(define 1-reduce

(define 1-list->string ' (lambda (1) (vector->string (list->vector 1))))
(define 1-string->list '(lambda (s) (vector->list (string->vector s))))

; Strings
(define 1-string-fill!
(define 1-string=?
(define 1-string<?
(define 1-string>?
(define l-string<=?
(define 1-string>=?
(define l-string-ci=?
(define l-string-ci<?
(define 1-string-ci>?
(define 1-string-ci<=?
(define l-string-ci>=?

;; (define 1-substring
(define 1-string-append

'(lambda (sl s2)
(letrec ((r (make-string (+ (string-length a1) (string-length s2)) #\I))

(loop (lambda (s i j)
(if (>= i (string-length 8))

the-unit
(begin

(string-set! r j (string-ref s i))
(loop 8 (+ i 1) (+ j I)))))))

(begin (loop sl 0 0) (loop s2 0 (string-length si)) r))))

;; (define 1-string-copy

Syms
;; (define 1-sym->string
;; (define 1-string->sym
;; (define l-sym:?
;; (define 1-hash

;; Vectors
(define 1-make-vector (mk-op-prim 'vec-alloc))
(define 1-vector-length (mk-op-prim 'vec-length))
(define 1-vector-ref (mk-op-prim '-))
(define 1-vector-set! (mk-op-prim 'vec-set))

;; (define 1-vector-fill!

(define l-vector->list
'(letrec ((v21 (lambda (v i 1)

(if (= i -1)
1
(v21 v (- i 1) (cons (vector-tel v i) 1))))))

(lambda (v) (v21 v (- (vector-length v) 1) (null)))))
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(define l-list->vector
'(e1trec ((12v (lambda (1 i v)

(if (= i (vector-length v))
V

(begin (vector-set! v i (car 1))
(12v (cdr 1) (+ i 1) v))))))

(lambda (1)
(if (= (length 1) 0)

(make-vector (length 1) (,void-name))
(12v 1 0 (make-vector (length 1) (car 1)))))))

;; (define 1-vector-map
;; (define 1-vector-map2
;; (define 1-vector-reduce
; (define 1-scan
;; (define 1-segmented-scan
;; (define 1-compress
;; (define 1-expand
;; (define 1-eoshift

;; Unparsers
(define 1-unparse-bool '(lambda (x) (if x "#t" .. #f")))
(define 1-unparse-char '(lambda (x) (string-append "#\\" (make-string 1 x))))
(define 1-unparse-unit '(lambda (x) "*#u))

(define l-unparse-int
'(lambda Wx)

(letrec ((loop (lambda (1 i)
(if (= i 0)

(vector->string (list->vector 1))
(loop (cons (int->char

(+ (remainder i 10) (char->int #\0)))
1)

U/ i 1o))))
(if (= x 0)

(if (< x 0)
(string-append "-" (loop (null) x))
(loop (null) x))))))

(define 1-unparse-string
'(lambda (x) (string-append '". (string-append x "\.))))

(define l-unparse-symbol
'(lambda (W) (string-append "(symbol " (string-append (sym->string x) "))))
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(define 1-unparse-list
'(lambda (pr z)

(letrec ((loop
(lambda (s x)

(if (null? X)
(string-append s
(loop (string-append s (string-append .... (pr (car x))))

(cdr x))))))
(loop "(list" x))))

(define 1-unparse-vector
'(lambda (pr x)

(string-append "(list->vector
(string-append (unparse-list pr (vector->list z)) ")'))))

(define 1-unparse-pair
'(lambda (prl prr x)

(string-append
"(pair "

(string-append (prl (left x)) (string-append (prr (right x)) ")")))))

(define 1-put-string
'(lambda (s)

(letrec ((loop
(lambda (i)

(if (>= i (string-length s))
the-unit
(begin (put-char (string-ref s i)) (loop (+ i 1)))))))

(loop 0))))

The list "standard-prim-bindings" contains typing and other
information about micro-fx built-ins. This list is used to
initialize two other lists, the standard type environment used by

;;the type checker and the standard compile-time environment used by
;; the expression to icode translator.

;;Each entry of the list has the form "(op type prim)" where op is
;; the name of the built-in (a symbol), type is the type of the
;; primitive (an sexp), and prim is the translation information for
;; the built-in (a "prim" sum-of-products).

;; The following routines make it easy to define entries in
;: standard-prim-bindings:

(define inO
(lambda (op type icode-emitter)

(list op type
(unique (inline->prim '(lambda () (,op)) icode-emitter)))))

(define ini
(lambda (op type icode-emitter)

(list op type
(unique (inline->prim '(lambda (W) (,op x)) icode-emitter)))))
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(define in2
(lambda (op type icode-emitter)

(list op type
(unique (inline->prim '(lambda Ux y) (,op x y)) icode-emitter)))))

(define in3
(lambda (op type icode-emitter)

(list op type
(unique (inline->prim '(lambda Ux y z) (,op x y z)) icode-emitter)))))

(define cast
(lambda (op type icode)

(list op type (unique (cnst->prim icode)))))

(define lib
(lambda (op type sexp)

(list op type (unique (lib->prim sexp)))))

(define asm

(lambda (op type label)
(list op

type
(unique (asm->prim (instantiate-schema (parse-schema type))

label)))))

(define standard-bindings
'(
,(cast 'the-unit 'unit (int->icode unit-type 0))
,(asm 'printf '(generic (t) (-> (sym t) unit)) "PRIrrF")
,(inl 'put-char '(-> (char) unit) put-char-prim)
,(lib 'put-string '(-> (string) unit) 1-put-string)
.C(nO void-name '(generic Ct) (-> C) t)) void-prim)

;; Booleans
,(in2 'equiv? '(-> (bool bool) bool) (ak-op-prim 'seq))
,(in2 'and? '(-> (bool bool) bool) (uk-op-prim 'and))
,(in2 'or? '(-> (bool bool) bool) (uk-op-prim 'or))
,Cini 'not? '(-> (bool) bool) (uk-op-prim 'not))
,(inl 'not '(-> (bool) bool) (mk-op-prim 'not))
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;; Characters
.(casut 'backspace 'char (int->icod. character-type 8))
,(cast 'newline 'char (int->icode character-type 10))
.Ccust 'page 'char (iu~t->icode character-type 12))
.Ccnast 'space 'char (int->icode character-type 32))
,(cust 'tab 'char (int->icode character-type 9))
,(in2 'char=? 'C-> (char char) bool) (uk-op-prim 'seq))
,(in2 'char<? 'C-> (char char) booi) (ak-op-prim 'sit))
,(in2 'char>? 'C-> (char char) bool) (ak-op-prim 'sgt))
.(in2 'char<=? 'C-> (char char) bool) (ak-op-prim 'sie))
,Cin2 'char>=? 'C-> (char char) bool) (ak-op-prim 'age))
,(lib 'char-ci=? '(-> (char char) bool) (uk-char-ci-pred char=?))
,(lib 'char-ci<? '(-> (char char) bool) Cak-char-ci-pred char<?))
.(lib 'char-ci>? '(-> (char char) bool) (ak-char-ci-pred char>?))
,(lib 'char-ci<=? '(-> (char char) bool) (mk-char-ci-pred char<=?))
,(lib 'char-ci>=? '(-> (char char) bool) (uk-char-ci-pred char>=?))
,(lib 'char-alphabetic? '(-> (char) booi) i-char-alphabetic?)
,(iib 'char-numeric? '(-> (char) booi) i-char-numeric?)
,(lib 'char-whitespace? 'C-> (char) booi) 1-char-whiteapace?)
,(iib 'char-lover-case? '(-> (char) booi) i-char-lower-case?)
,(lib 'char-upper-case? '(-> (char) bool) i-char-upper-case?)
.(lib 'char-upcas. 'C-> (char) char) i-char-upcaae)
,(iib 'char-douncase '(-> (char) char) 1-char-dogncase)
,(ini 'char->int '(-> (char) int) cvt-prim)
,(AIi 'int->char '(-> (int) char) cut-prim)

;;Integers
,(im2 '= 'C-> (mt int) bool) (ak-op-prim 'seq))
,(in2 '< 'C-> (mt int) bool) (ak-op-prim 'sit))
,(iL2 "> 'C-> (Unt int) booi) (ak-op-prim 'ugt))
.(in2 '<= '(-> (imt int) bool) (ak-op-prim 'ale))
,(in2 '>= '(-> (mt int) bool) (ak-op-prim 'sge))
,Cju2 '+ '(-> (mt int) int) (ak-op-prim '+))
,Ciu2 '- '(-> (int int) int) (ak-op-prim '-))

,Cin2 " C>(Ut jut) int) (ak-op-prim I*))
.Ciu2 ''->(Unt int) int) (ak-op-prim 'IM
,(ju2 'quotient '(-> (Ut jut) jut) (ak-op-prim I/)) ;helps in testing...
.(Uil 'neg '(-> (Unt) int) nag-prim)
,(in2 'remainder 'C-> (unt jut) jut) (ak-op-prim 'remainder))
,(ju2 'modulio '(-> (Unt jut) jut) no-prim)
.(lib 'abs '(-> (jut) int) '(lambda (x) (it (< x 0) (- 0 x) x)))
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;; Lists
(inl 'null? '(generic Wt) (-> (Clistot t)) bool)) null?-prim)

.(inO 'uull '(generic Wt) (-> 0) (listoe t))) null-prim)
(in2 'cons '(generic Wt) C-> (t (listof t)) (listoe t))) (mk-cons-prim 2))
(inl 'car '(generic Wt) C-> ((listof t)) t)) (uk-sel-prim 0))
Cini 'cdr '(generic Wt) C-> (Clistof t)) (listof t))) (mk-sel-prim M))

,(in2 'set-car! '(generic (t) (-> ((listoe 0) t) unit)) no-prim)
,(in2 'set-cdr! '(generic (t) C-> ((listof t) (listof t)) unit)) no-prim)
(lib 'length '(generic Ct) (-> (Clistof t)) int)) 1-length)

,(in2 'append '(generic Wt) C-> ((listof t) (listof t)) Clister t))) no-prim)
(inl 'reverse '(generic (t) (-> ((listoe t)) (listoe z))) no-prim)

,(in2 'list-tail '(generic (t) (-> ((listoe t) int) (listof t))) no-prim)
(in2 'list-ref '(generic Ct) C-> ((listof t) int) t)) no-prim)

,(in3 'map
'(generic (tl t2) C-> CC-> (ti) t2) (listoe tM)) (listof t2)))
no-prim)

,(in3 'for-each
'(generic (tC t2) (-> CC-> (ti) t2) (listof tM)) unit))
no-prim)

,(in3 'reduce
'(generic (ti t2) C-> (C-> Cti) t2) Clistef t1) t2) t2))
no-prim)

,(lib 'list->string '(-> ((listof char)) string) l-list->string)
,(lib 'string->list '(-> (string) (listof char)) 1-string->list)

;; Ordered pairs
,(in2 'pair '(generic (ti t2) (-> (ti t2) (pairof ti t2))) (mk-cons-prim 2))
,(in1 'left '(generic (tl t2) C-> ((pairof tl t2)) ti)) (mk-sel-prim 0))
,(in1 'right '(generic (tl t2) (-> ((pairof ti t2)) t2)) (uk-sel-prim M))

;; lefs
,(in1 'ref '(generic (t) (-> (t) (refer t))) (ak-cons-prim 2))
,(ini 'I '(generic (t) (-> ((refeo t)) t)) (uk-sel-prim 0))

,(in2 ':= '(generic (t) (-> ((refto t) t) unit)) asign-prim)
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;;Strings
,(in2 'make-string '(-> (mt char) string) 1-make-vector)
,Cin2 'string-length '(-> (string) int) 1-vector-length)
,CinL2 'string-refat- (string int) char) 1-vector-ref)
,Cin2 'string-set! '(>(string int char) unit) 1-vector-set!)
,Cin2 'string-fill! 'C>(string char) uinit) no-prim)
,(in2 'string=? 'C>(string string) bool) no-prim)
,(in2 'string<? 'C>(string string) bool) no-prim)
,(in2 'string? 'C>(string string) bool) no-prim)
,Cin2 'string<=? 'C>(string string) bool) no-prim)
,(in2 'string>=? 'C>(string string) bool) no-prim)
,(in2 'string-ci? '(-> (string string) bool) no-prim)
,(in2 'string-ci<? 'C-> (string string) bool) no-prim)
*Cin2 'string-ci>? 'C-> (string string) bool) no-prim)
.(in2 'string-ci<=? 'C-> (string string) bool) no-prim)
,(in2 'string-ci>=? '(-> (string string) bool) no-prim)
,(in3 'substring '(-> (string mnt int) string) no-prim)
,(lib 'string-append '(-> (string string) string) 1-string-append)
,(ini 'string-copy 'C-> (string) string) no-prim)
,(inI 'string->vector '(-> (string) (vectorof char)) cvt-prim)
,(ini 'vector->string '(-> ((vectorof char)) string) cvt-pri~m)

;;Syms
,(inI 'sym->string '(-> (sym) string) sym->string-prim)
,(inI 'string->sym '(-> (string) sym) no-prim)
,(in2 'sym=? '(-> (sym, sym) bool) (ak-op-prim 'seq))
,(ini 'hash 'C-> (syu) int) no-prim)
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;; Vectors
,(in2 'make-vector '(generic Wt) (-> (int t) (vectorof t))) 1-make-vector)

,(in1 'vector-length
'(generic (t) (-> ((vectorof )) t))
1-vec:or-length)

,(iu2 'vector-ret
'(generic (t) C-> ((vectorof t) int) t))
1-vector-ret)

,(in3 'vector-set!
'(generic Wt) C-> ((vectorof t) int t) unit))
1-vector-set!)

,(in2 'vector-fill! '(generic (W) (-) ((vectorof t) t) unit)) no-prim)
,(lib 'vector->list

'(generic Ct) (-> ((vectorof t)) (listof t)))
1-vector->list)

,(lib 'list->vector
'(generic (t) (-> ((listof t)) (vectorof t)))

1-list->vector)
,(in2 'vector-map

'(generic (ti t2) (-> ((-> (ti) t2) (vectorof ti)) (vectorof t2)))

no-prim)
,(in3 'vector-map2

'(generic (ti t2 t3)

(-> ((-> (tI t2) t3) (vectorof ti) (vectorof t2)) (vectorof t3)))

no-prim)
,(in3 'vector-reduce

'(generic (tI t2) (-> ((-> (ti t2) t2) (vectorof ti) t2) t2))
no-prim)

,Cin2 'scan
'(generic Ct) (-> ((-> (t 0) t) (vectorof W)) (vectorof W)))

no-prim)
,(in3 'segmented-scan

'(generic Ct)
(-> ((-> (t t) t) (vectorof bool) (vectorof t)) (vectorof t)))

no-prim)
,(in2 'compress

'(generic (ti) (-> ((vectorof bool) (vectorof t)) (vectorof t)))
no-prim)

,(in3 'expand
'(generic (ti)

(-> ((vectorof bool) (vectorof t) (vectorof t)) (vectorof W)))

no-prim)

,(in3 '*o*hift
'(generic (ti) (-> (int (vectorof t) (vectorof t)) (vectorof W)))
no-prim)
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;; Unparsers
,(lib 'unparse-bool '(-> (bool) string) 1-unparse-bool)
,(lib 'unparse-char '(-> (char) string) 1-unparse-char)
,(lib 'unparse-int 'C-> (int) string) 1-unparse-int)
,(lib 'unparse-string C-> (string) string) l-unparse-string)
,(lib 'unparse-symbol 'C-> (sym) string) 1-unparse-symbol)
(lib 'unparse-unit 'C-> (unit) string) 1-unparse-unit)

,(lib 'unparse-list
'(generic Wt) C-> WC> Ct) string) (listof t)) string))
l-unparse-list)

, (lib 'unparse-vector
'(generic Ct) C-> CC-> Ct) string) (vectorof t)) string))
1-unparse-vector)

,(lib 'unparse-pair
'(generic (r 1)

(-> ((-> (1) string) (-> Cr) string) (pairof r 1)) string))
1-unparse-pair)

;; Define standard-type-environment and standard-c-t-env.

(define sb-name (lambda (binding) (car binding)))
(define sb-type (lambda (binding) (parse-schema (cadr binding))))
(define sb-prim (lambda (binding) (cadr (cdr binding))))

(define standard-type-environment
(ext end-by-schemas empty-type-environment

(map sb-name standard-bindings)
(map sb-type standard-bindings)))

(define standard-c-t-env
(c-t-add-prims (map sb-name standard-bindings)

(map sb-prim standard-bindings)
empty-c-t-env))

C.9 compiler/misc.fx

The contents of the file compiler/misc.fx:

;; -*- Node: Scheme; Package: SCHEME -C-

(define id (lambda (x) x))

(define max (lambda (nl n2) (if (> nI n2) nI n2)))

;; List routines
(define integers-between

(lambda Clo hi)
(if (> lo hi) (null) (cons lo (integers-between (+ I lo) hi)))))
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(define reverie-list ; minifx doesn't have this built-in.
(lambda (1st)

(letrec ((rlist (lambda (1 r)
(it (null? 1)

r
(rlist (cdr 1) (cons (car 1) r))))))

(rlit 1st (null)))))

(define reduce-left
(lambda (fn 1st seed)

(letrec ((loop (lambda (1 v)
(it (null? 1)

v
(loop (cdr 1) (fn v (car 1)))))))

(loop 1st seed))))

(define for-each
(lambda (proc 1)

(if (null? 1)
the-unit
(begin (proc (car 1))

(for-each.proc (cdr 1))))))

(define for-each-2
(lambda (proc li•t lst2)
(it (null? let1)

the-unit
(begin

(proc (car lsti) (car lst2))
(for-each-2 proc (cdr lsti) (cdr lst2))))))

(define Ist car)
(define 2nd cadr)
(defin-p . rd caddr)
(define 4th cadddr)

;; Vector stuff

;; String stuff

(define zap-string
(lambda (proc str)

(letrec ((len (string-length str))
(loop (lambda Wm)

(if (< i len)
(begin (string-set! str i (proc (string-ref str i)))

(loop (+ i 1)))
str))))

(loop 0))))

92



C AFX/DLX COMPILER IMPLEMENTATION C.9 compiler/misc.f

(define char->string
(lambda (c)

(let (Cs "x"))
(begin (string-set! s 0 c)

(string-copy s)))))

(define dovn-string
(lambda (s) (map-string char-downcase s)))

(define up-string
(lambda (s) (map-string char-upcase s)))

(define pad
(lambda (s sz) (substring . 0 C- sz (string-length s)))))

(define dovn-sym
(lambda (s) (down-string (symbol->string s))))

(define up-sym
(lambda (s) (up-string (symbol->string s))))

;; Stream stuff

(define copy-input-stie-3-to-output-stream
(let ((terminators (char-set #\nevline)))

(lambda (fin fout)
(let ((line (read-string terminators fin)))

(if (eso-object? line)
the-unit
(begin

(*scheme-read-char* fin) ; clear the newline
(display line fout) (newline fout)
(copy-input-stream-to-output-stream fin fout)))))))

;; Wrappers for uniqueof functions (may not be the right semantics for
all data types...)

(define unique (lambda (W) x))
(define value (lambda Wx) x))

;;Vector stuff

(define generate-vector
(lambda (size proc)

Cletrec ((ans (make-vector size))
(loop
(lambda Ci)

(if (Z i size)
ans
(begin (vector-set! ans i (proc i))

(loop (+ i 1)))))))
(loop O))))
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;; Faked-up implementation of tupl-as:

(define tuple list)
(define tuple-ref list-ref)

C.10 compiler/oc2txt.fx

The contents of the file compiler/oc2txt.fx:

-*- Node: Scheme; Package: SCHEME -*-

;; oc2txt.fx -- output ocode to a file in official DLI assembly format

(define print-one-instruct ion
(lambda (x strm)

(begin
(match x
((ocode- 'labeldef (label->rands" lab))
(display (string-append lab ":11) strm))

(_ (display (string-append . (unparse-ocode x)) strm)))
(newline strm))))

;; Routines for printing stuff, including unparsing results from micro-F1
;; program run in DLI simulator

(define extract-value
;; Unparse result from DLX simulator
(lambda (word type)

(match (prune type)
((baze->type" 'bool)
(bool->sexp (not (= word 0))))

((base->type" 'char)
(char->sexp (int->char (quotient word 2))))

((base->typeo 'int)
(int->sexp (quotient word 2)))

((base->type" 'string)
(string->sexp (extract-string word)))

((base->type ' svm)
(sym->sexp (extract-symbol word)))

((base->type* 'unit)
(sym->sexp 'the-unit))
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((compound->type" '->
(unparse-type type))

((cozpound->type- 'pairof et)
(pair->sexp (cons (extract-value (get-slot word 0) (car et))

(extract-value (get-slot word 1) (cadr et)))))
((compound->type" 'listof et)
(list->sexp (extract-list word (car et))))

((compound->type ' vectorof et)
(vector->sexp (extract-vec word (car et))))

C( '(unrecognized type , (unparse-type type) ,word)))))

(define extract-string
(lambda (word)

(let* ((vc (extract-vec word (parse-type 'char))))
(list->string (vector->list vc)))))

(define extract-symbol
(lambda (word) (string->sym (get-mem word))))

(define extract-list
(lambda (word type)

(if (= word 0)
(null)
(cons (extract-value (get-slot word 0) type)

(extract-list (get-slot word 1) type)))))

(define extract-vec
(lambda (word type)

(letrec ((len (de-itag (get-slot word-1)))
(loop

(lambda (v i)
(if (W i len)

v
(begin

(vector-set! v i (extract-value (get-slot word i) type))
(loop v (+ i 1)))))))

(loop (Aake-vector len) 0))))

(define type-to-printf-format
;; A munged version of unparse-type (../frontend/parse.fx) that prints
; out a printf-like format string for printing the result of the

computation. The printf-like code is written in DLU assembly code
in the runtime directory.

(lambda (type)
(if (recognize-type? type)

(string-append "%" (type2printf type))
(string-append "unrecognized type"))))
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(define recognize-type?
(lambda (type)

(match (prune type)
((base->type" t) (if (memq t '(int bool char string sym unit)) #t if))
((compound->type" 'listof J) #t)
((compound->type" t sub-types)
(and (memq t '(listof pairof vectorof refof ->))

(reduce-left and? (map recognize-type? sub-types) it)))
((unknovn->typeo) if))))

(define type2printf
(lambda (type)

(match (prune type)
((base->type" 'int) "d")
((base->type" 'bool) "b")
((base->type" 'char) "c")
((base->type 'string) "vc") ; strings are vec's of chars

((base->type" 'sym) "a")
((base->type" 'unit) "u")
((compound->type" 'listof q)
(match (prune (car q))

((tvariable->type" -) "ld")
(ql (string-append "l" (type2printf ql)))))

((compound->type" 'pairof operands)
(string-append

(string-append (type2printf (car operands))
(type2printf (cadr operands)))))

((compound->type" 'vectorof operands)
(string-append "v" (type2printf (car operands))))

((compound->type" 'refof operands)
(string-append "r" (type2printf (car operands))))

((compound->type" '-> operands) "F"))))

C.11 compiler/ocode.fx

The contents of the file compiler/ocode.fx:

;;-*- Mode: Scheme; Package: SCHEME -M -

;; object code format

(define insn cons)
(define op-code car)
(define op-rands cdr)
(define ocode° cons-)
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(dt jine-datatype rands
(rrr->rands int int ijt)
(rri->rands int jut string)
(rr->rands int int)
(ri->rands int string)
(r->rands int)
(i->rands string)
(load->rands int int int)
(stor.->rands int int int)
(nop->rands)

(symbol->rands sym)
(string->rands string)
(label->rands string)
(word->rands string)

(err->rands string))

C.12 compiler/optimize.fx

The contents of the file compiler/optimize.fx:

-*- Mods: Scheme; Package: SCHEME -*-

;; icode optimizer pass

(define optimize-icode
(lambda 0)

C:= icode-list (map prop-returns-down ( icode-list)))))

;; Tail call handling

;; A tail call is any call that is immediately followed by a return (in
;; execution order). We find them by pushing returns downward in the

;; tree, looking for (return (call too)) and changing that to (jump too).

;; To push returns downward in a tree, we use the transformations:

(return (if a b c)) -- > (if a (return b) (return c))
(return (begin el e2 ... en)) -- > (begin el s2 ... (return en))

(define prop-returns-down
(lambda (ic)

(match ic
((body->icode" ty n b) (body->icode ty n (prop-returns-down b)))

((letrec->icode" n args b)
(letrec->icode n args (prop-returns-down b)))
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((return->icode' (op->icode- ty 'call args))
(op->icode ty 'juzp args))

((return->icode' (op->icode- ty 'it tac))
(op->icode ty

I'it
(list (car tac)

(prop-returns-down Creturn->icode Ccadx tac)))
(prop-returns-down (return->icode (caddr tac))))))

((return->icod.- Cop->icode' ty 'begin exprs))
(letrec ((p-r-down-last

(lambda (1)
(it (null? Ccdr 1))

(list (prop-returns-down (return->icode (car 1M)))
(cons (car 1) Cp-r-down-last (cdx 1)))))

(op->icode ty 'begin (p-r-down-last exprs))))

C.. ic))))

0.13 compiler/parselfx

The contents of the ifile comnpiler/parselfx:

;;-*- Mods: Scheme; Package: SCHEM *

Expression and type parsers

;;Top-level parser

(detine parse
(lambda (sexpr) (parse-exp sexpr)))

;;Parse a single expression
(detine parse-exp ;sezpr -> orp

(lambda (sezpr)
(match sexpr

((sya->sexp- sym) (variable->exp (ret unkinown-type) sym))

((char->sezp- c) (char->exp (ret character-type) c))

((bool->sexp- b) (bool->exp (ret boolean-type) b))

((iznt->sexp- n) (int->ezp (ret integer-type) a))

((string->sezp- s) (string->erp (ret string-type) s))

;; First thing in list is a SYMBOL
('(.(sym->sexp- head) ,Q-.) ((get-parser-for-keyword head) sexpr))

;; Procedure call is the detault
C('(operator CGoperands) (parse-combination operator operands))

C.. (error "unrecognized expression" sexpr)))))
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;; Parse a definition
(define parse-definition

(lambda (sexpr)
(match sexpr

('(define ,name ,value)
(make-definition (parse-formal name) (parse-exp value)))

L_ (error "invalid definition" sexpr)))))

;; check-out a formal parameter; make sure it's not a reserved word.
(define parse-formal

(lambda (sexpr)
(match sexpr

((sym->sexp" name)
(if (memq name (- all-keywords))

(error "attempt to use reserved word as variable name"
sexpr)

name))
(L (error "invalid variable name" sexpr)))))

;; Nost of the rest of this file concerns itself with special forms
;; (expressions of the form (reserved-word ... )). Define-keyword is a
;; function that defines a reserved word, associating it with a function
;; that can parse the named construct.

;; List of parsing functions. Each checks to see if the new keyword
;; is its own, and either parses the whole thing or passes the buck.
(define keyword-table

(ref (lambda (head)
(lambda (sexpr) ;; Procedure call is the default

(match sexpr
('(,operator ,Goperands) (parse-combination operator
operands)) (_ (error "this shouldn't happen")))))))

(define all-keywords (ref (null))) ; list of keywords.

(define get-parser-for-keyword
(lambda (name) ((- keyword-table) name)))

(define define-keyword
(lambda (keyword parser)

(let ((current-table (' keyword-table)))
(begin (: keyword-table

(lambda (head)
(if (eq? head keyword) parser (current-table head))))

(: all-keywords (cons keyword (- all-keywords)))
keyword))))

And here are the parsing functions...
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;; (symbol Name)

(define-keyword 'symbol
(lambda (sexpr)
(match soxpr

(' (symbol ,(sym->sexp- name)) (sTm->exp (ref symbol-type) name))
C_ (parse-error sexpr)))))

;; (call EO E*)
';

(define-keyword 'call
(lambda (sexpr)

(match soxpr
('(call ,operator ,Coperands)
(parse-combination operator operands))

(_ (parse-error sexpr)))))

;; (EO E*)

(define parse-combination
(lambda (operator operands)

(combination->exp (ref unknown-type)
(parse-oxp operator)
(map parse-oxp operands))))

;; (if El E2 E3)

(deofine-keyword 'if
(lambda (sexpr)

(match sexpr
Nit ,test ,con ,sit)

(conditional->exp (ref unknown-type)
(parse-exp test)
(parse-exp con)

(parse-exp alt)))
L_ (parse-error sezpr)))))

;; (begin El ... En)

(define-keyword 'begin
(lambda (sexpr)

(match sexpr
('(begin) (parse-exp '(null)))
('(begin ,exp) (parse-exp oxp))
('(begin ,exps) (begin->exp (ref unkaown-type) (map parse-exp exps)))
(L (parse-error sexpr)))))
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;; (lambda (I*) E)

(define-keyword 'lambda
(lambda (sexpr)

(match sexpr
('(lambda (,@formals) ,body)
(abstraction->exp (ref unknown-type)

(map parse-formal formals)
(parse-exp body)))

(_ (parse-error sexpr)))))

;; LET is not simply sugar because handled specially during typechecking
;; (let ((I E)*) EO)
(define-keyword 'let

(lambda (sexpr)
(letrec ((parse-binding-spec

(lambda (bapec)
(match bspec

('(,name ,value)
(make-definition (parse-formal name) (parse-exp value)))

(_ (error "invalid binding specifier" bspec))))))
(match sexpr

('(let (,(sym->sexp" _) ,J)) (parse-error sexpr)) ; LET without a body
('(let (,Obspecs) ,body)
(binder->exp (ref unknown-type)

(map parse-binding-spec bspecs)
(parse-exp body)))

(_ (parse-error sexpr))))))

;; (letrec ((I E)*) EO)

(define-keyword 'letrec
(lambda (sexpr)

(letrec ((parse-binding-spec

(lambda (bepec)
(match bepec

('(,name ,value)
(make-definition (parse-formal name) (parso-exp value)))

(_ (error "invalid binding specifier" bspec))))))
(match sexpr

('(letrec (,(sym->sexp" -) ,J) (parse-error sexpr)) ; LETREC w/no body
('(letrec (,Abspecs) ,body)
(recursion->exp (ref unknown-type)

(map parse-binding-spec bapecs)
(parse-eip body)))

(_ (parse-error ssxpr))))))

;; Sugars
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;; (and) => #t

;; (and E) ==> E
;; (and EO E+) > (if EO (and E+) Wf)
;;

(define-keyword 'and
(lambda (sexpr)

(match sexpr
('(and ,Gexp-list)
(parse-exp (letrec ((recur (lambda (expa)

(match exps
((nul") 'it)
('(,exp) exp)
((cons- first rest)
'(it ,first ,(recur rest) if))))))

(recur exp-list))))
(L (parse-error sexpr)))))

;; (or) ==> if
;; (or E) => E
;; (or EO E+) > (if EO #t (or E+))

(define-keyword 'or
(lambda (sexpr)

(match sexpr
('(or ,Gexp-list)
(parse-exp (letrec ((recur (lambda (expa)

(match expa
((null,) 'i)
('(,exp) exp)
((cons- first rest)
'(if ,first it ,(recur rest)))))))

(recur erp-list))))
L_ (parse-error sexpr)))))

;; (list E*)
;;

(define-keyword. 'list
(lambda (sexpr)

(match sexpr
('(list ,Gexp-list)
(parse-exp (letrec ((recur (lambda (exps)

(match expa
((null-) '(null))
((cons- first rest)

'(cons ,first ,(recur rest)))))))
(recur exp-list))))

(_ (parse-error sexpr)))))

(define parse-error
(lambda (sexpr)

(error "invalid expression syntax" sexpr)))
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;;Unparser

(define unparse
(lambda (exp)

(uaparse-ezp sip)))

(define unpars.-.Zp
(letroc ((unparse-binding-specs

(lambda (dots)
(map (lambda (dot)

'(,(detinition-name dot)
.(unpa~rxe-exp (detinition-value det))))

dots))))
(lambda (exp)

(match .xp
((variable->exp- _ var) (sym->ssxp var))
((bool->ezp - b) (bool->sexp b))
((int->erp - A) (int->sexp a))
((string->exp- - s) (string->sexp s))
((char->ezp - c) (char->sexp 0))
((sym-->exp - name) '(symbol ,(sym->sexp name)))
((conditional->xp' - test consequent alternate)
'(it ,6inparso-ezp test)

,(unparse-exp consequent)
,(unparse-ezp alternate)))

((begin->exp- exprs)
'(begin ,*(map unparse-exp exprs)))

((abstraction->exp- - formals body)
'(lambda (Q4formals) ,(unpaxse-exp body)))

((combination->.xp- - operator operands)
'(,(unparse-exp operator)

,Q(map unparse-exp operands)))
((binder->.xp- - dots body)
'(let (. 4(luiparsea-binding- specs dots))

,(unparse-exp body)))
((recursion->exp' - dots body)
'(letrec (,Q(unpaxse-'bindin~g-specs dots))

,(unpa~rse-exp body)))))))
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;;Generic pretty printer.
;;ppriflt-type is a function on types to include the reconstructed
;;type information in the output.

(define pprint-ezp-gon
(letrec ((pp-binding-specs

(lambda (dotsa pprint-type)
(map (lambda (def)

'(.(definition-name det)
,(pprint-exp-gen (definition-value def) pprint-type)))

defM)))
(lambda (exp pprint-type)

(match exp
((variable->.rp- ty var)
(list 'variable->exp (pprint-type ty) (sym->sexp var)))

((bool->exp- ty b)
(list 'bool->exp (pprizt-type ty) (bool->sexp b)))
((int->exp- ty U)
(list 'int->ezp (pprint-type ty) (int->sexp n))

((chax->exp- ty 0)
(list 'char->exp (pprint-type ty) (char->sexp c)))

((atring->ezp- ty a)
(list 'string->exp (pprint-type ty) (string->aezp a)))

((Cay -exp- ty name)
(list 'sym->exp (pprint-type ty) (sym->sexp name))

((conditional->exp- ty test consequent alternate)
(list 'conditional->exp (pprint-type ty)
(pprint-exp-gen test pprinxt-type)
(pprint-exp-gen consequent pprint-type)
(pprint-exp-gen alternate pprint-type)))

(Cbegin->exp- ty expra)
(cons 'begin:->exp (cons (pprint-type ty)

(map (lambda (a) (pprint-exp--gen e pprint-type))
erxprs))))

((abstract ion->exp- ty formals body)
(list 'abstraction->ezp (pprint-type ty)

'(Aformals) (pprint-exp-gen body pprint-type)))
((combination->exp- ty operator operands)
(list 'combination->ezp (pprint-type ty)

(pprint-exp-gen operator pprint-type)
(map (lambda (op) Cpprint-erp-gen op pprint-type)) operands)))

((inder->exp- ty defta body)
(list 'binder->exp (pprint-type ty)

(pp-binding-specs defta pprint-type)
(pprint-ezp-gen body pprint-type)))

((recursion->exp- ty defs body)
(list 'recursion->exp (pprint-type ty)

(pp-binding-specs defta pprint-type)
(pprint-erp-gen body pprint-type) ))))))

;;pprinter.

(define (pprint-exp exp) (pprint-erp-gen exp (lambda (ty) 'ty)))
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;; pprint with types.
;;

(define (pprint-exp-typeu exp)
(pprint-exp-gen exp (lambda (tref) (unprarse-type ( tref)))))

;; Type expression parser

(define parse-type
(lambda (sexpr)

(match sexpr
((sym->sexp" sym) (base-type sym))
('(-> (,.arg-types) .result-type)

(compound->type arrow-constructor
(cons (parse-type result-type)

(map parse-type arg-types))))
('(,(sym->sexp" name) .types)
(compound->type name (map parse-type types)))

(_ (error "invalid type expression syntax" sexpr)))))

;; Type expression unparser

(define unparse-type
(lambda (type)

(match (prune type)
((base->type- sym) (syz->sexp sym))
((compound->type" constructor operands)
(if (same-constructor? constructor arrow-constructor)

'(-> (,G(map unparse-type (cdr operands)))
,(unparse-type (car operands)))

'(.(sym->sexp constructor) ,Q(map unparse-type operands))))
((tvariable->type- tvar)
(sym->sexp (tvariable->sym tvar)))

((aunknon->type')
'((*unkown*)))))

;; Parse a type schema (generic (1*) T)

(define parse-schema
(lambda (sexpr)

(match sexpr
('(generic (,Cnames) ,type)
(let ((names (map (lambda (name)

(match name
((sym->sexp- name) name)
(_ (error "invalid type schema parameter" name))))

names)))
(let ((tvars (map new-tvariable names)))

(make-schema tvars
(substitute-for-names (map tvariable-type tvars)

names
(parse-type type))))))

(_ (make-schema (null) (parse-type sexpr))))))
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(define substitute-for-names
substitute-for-names is a kludge, to be used only by initialization

code. Other ways to do this: (1) change the type parser to take an

environment argument; (2) generalize substitute-into-type so that it

can substitute for either names or tvars; (3) change the

representation of schemas so that the generic variables in the type

are not tvars but rather names.
(lambda (types names type)

(match type
((tvariable->type" -) type) ;shouldn't happen

((base->type" name)
(leUtrec ((loop (lambda (ts ns)

(if (null? ts)
type
(if (same-name? name (car ns))

(car to)
(loop (cdr ts) (cdr ns))))>)

(loop types names)))
((compound->typa- c args)

(compound->type c (map (lambda (arg)
(substitute-for-names types names axg))

args)))
(_ (error "this shouldn't happen" type)))))

(define unparse-schema
(lambda (a)

(match s
((make-schema- tvars type)
'(generic (,C(map sym->sexp (map tvariable->sym tvars)))

,(unparse-type type))))))

C.14 compiler/system.fIx

The contents of the file compiler/system.fx:

;; -- Mode: Scheme; -*-

;; System routines, including garbage collector, used by DLU simulator

;; System routines (which don't live in simulated memory) have
;; negative addresses so we can take their addresses, etc, and not get

;; confused.

106



C gFX/DLX COMPILER IMPLEMENTATION C.14 compilerisystem.fx

(define enter-system-routine-labels
(lambda 0)

(enter-label "..ALLOC" -4)

(enter-label "-SAVE" -8)
(enter-label "_PESTORE" -12)
(enter-label "__EXIT" -16)
(enter-label "_.PUTCHAR" -20)
(enter-label "_SYN2STRING" -24)
(enter-label "_ISLLOC" -28)
(enter-label "_1SFREE" -32)
(enter-label "_BZERO" -36)))

(define system-routine
;; Call sys routines by passing calling this function w/ routine's addr
(lambda (funcnumber)

(cond ((= funcnumber -4) (allocate-block-of-memory))
((= funcnumber -8) (save-regs-into-frame))
((= funcnumber -12) (restore-regs-from-frame))
(0 funcnumber -16) (done-emulating))
(0 funcnumber -20) (putchar))
(0 funcnumber -24) (sym2string))
(( funcnumber -28) (stack-allocate-block))
(( funcnumber -32) (stack-free-block))
(0 funcnumber -36) (zero-block))
(else (error "unknown system routine called.")))))

;; Here are the system routines. They're basically the same as the
;; versions in "microFl/runtime (though some of the names may have
;; changed through negligence).

;; _SYM2STRING
(define sym2string

;; Turn a symbol into a vector of characters
(lambda 0)

(letrec ((str (get-mem (get-reg ATEMP)))
(fill-block
(lambda (i)

(if (>= i (string-length str))
the-unit
(begin (set-slot! (get-reg ATEMP) i

(itag (char->int (string-ref str i))))
(fill-block (+ i 1)))))))

(begin (set-rag! ITEMP (itag (string-length str)))
(allocate-block-of-memory)
(fill-block 0)))))

;; _PUTCHAR
(define putchar (lambda () (display (int->char (de-itag (get-reg ITEMP))))))

;.; -- EXIT
(define done-emulating (lambda C) (:= *halt-emulate?* St)))
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;; -SAVE
(define save-regs-into-frame

(lambda C)
(letrec (Cf (get-rag FP))

Cloop (lambda (rag slot)
(if (= reg 30)

the-unit
(begin (sat-slot! f slot (get-reg rag))

(loop (+ 1 rag) C+ 1 slot)))M))
(loop 6 4M)))

-;..RESTORE
(define rastore-rags-from-frame

(lambda C)
Cletrec (Cf (get-rag FP))

(loop (lambda (rag slot)
(if (= rag 30)

the-unit
(begin (set-rag! rag (get-slot I slot))

(loop (+ I rag) (+ 1 slot)))))))
(loop 6 4M)))

;;For the allocator and garbage collector, see the commentary in
;;microFl/runtime/alloc.s. This version is sufficiently similar
;;that those comments should apply here.

;;..ZBLOCK
(define zero-block

(lambda C)
(letrec ((oop (lambda (bik lan) (if (= len 0)

the-unit
(begin (set-slot! blk (- len 1) 0)

(loop, blk (- lan 1)))))))
(loop (get-rag ATUMP) (de-itag (get-slot (get-rag ATEMP) -1))))))

;;..SALLOC
(define stack-allocate-block

(lambda ()
(lat* ((nslots (da-itag (get-rag ATEMP))

(nev-sp (- (get-rag SP) (+ (* uslots 4) 4))) ; Extra slot for size
(stack-size (- (- (- *antira-mamory-size*) (quotient uew-sp 4)) 1))
(new-blk (+ ne.-sp 5))) ; Tagged ptr to new GC block

(begin
(if (> stack-size (- emax-stack-size*))

(:= emax-stack-size* stack-size)
the-unit)

(if (> stack-size (- *stack-size*))
(error "Stack overflow.")
(begin

(set-slot! new-blk -1 (get-rag ATEMP)) :Size
(sat-rag! ATEMP naw-blk)
(zero-block)
(sat-rag! SP nev-sp)M)))
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; ; _SFREE
(define st;,'.-free-block

(lambda 6.
(let* C(nslots (de-itag (get-slot (get-rag ITEMP) -M))

(new-up (+ (get-rag SP) (+ (* uslots 4) 4M)))
(if (>= new-sp (o (- *entire-memory-size*) 4))

(error "Stack under~flow.")
(set-rag! SP new-up)))))

..ALLOC
(define allocate-block-al-memory
(lambda 0)

(let* ((nslots (de-itag (get-reg ATEMP))
(p (allocate-raw-block-of-memory (4 uslots OM))

(set-slot! p -1 (get-rag ATEMP)) ;(tagged)
(set-rag! ATEMP p)
(zero-block))))

(define allocate-raw-block-of-memory
(lambda (nslots)

(let ((block (get-rag HP))
(begin

(set-rag! HP (4. block (a nlots 4))) ;4 bytes per slot
(if (<= (get-rag HP) (*this-semispace-end*))

(begin

(:*total-allocation* (. (- *total-allocation*) uslots))
block)

(begin
(let ((stack-atemp (get-rag ATEMP)))

(interpreter-gc)
(set-rag! ATEJIP stack-atemp))
(: xum-gcs* (+ (- euum-gcse) 1)
* gc-words-copieda
(+ (- *gc-words-copied*)

(quotient (- (get-rag HP) (^ *this-semispacaa)) 4)))
(if (> (+ (get-rag HP) (e nalots 4)) (- ethis-semispace-end*))

(error "out of memory! ")
(allocate-raw-block-of-memory nslots))))))))

(define stack-depth
(letrec ((loop (lambda (p count)

(if (eVen? p)
count
(loop (get-slot p 0) (+ count 1))))))

(lambda 0) (loop (get-rag FP) 0))))

(define interpreter-gc
(lambda 0)
(begin

(if (' encisy-gc*)
(begin (nailing)

(display "----- -- -- Beginning ga~rbage-collection"))
the-unit)
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;; Create frame on stack to save old values of registers
(fet-reg! ATEMP (itag FrameSize))
(stack- alloc at s-block)
(set-slot! (get-reg ATEMP) 0 (get-reg FP))
(set-reg! FP (get-rag ATEMP))
(set-slot! (get-rag FP) 3 (get-rag Ml))
(save-regs-into-frame)

;; flip the semispaces
(let ((old-start (- *this-semispace*))

(old-end (' ethis-semispace-end*))
(begin (:*this-semispace* (- *other-semispace*))

(: other-samispace* old-start)
(:*this-semispace-tnd* (- *other-semispace-eud*))
(a*cther-semispacs-.nd* old-ead)))

(set-rag! HP i. *this-semispace*))

; ; scam. th~c root set
(set-reg! FP (rafte-copy (get-rag FPM)
(set-reg's V4J, (maybe-copy (get-rag VAL))

;; Restore registers from, stack tram. and pop stack frame
(restore-regs-from-trame)
(set-rag! ATERP (get-rag FP))
(set-rag! Ml (get-slot (get-rag FP) 3))
(set-rag! PP (get-slot (get-reg FP) 0))
(stack-free-block)

(if (- *noisy-gc*)
(begin

(newli le)
(display "----- -- -- Garbage-collection done: )
(display (quotient (-(*this-semispace-end*) (get-reg HP)) 4))
(display "P/S)
(display (*semispace-size*))

(display "words free."))
the-unit)))

(define in-thisspace?
(lambda (p) (and (>= p ( this-semispace*))

(< p C-*this-semispace-ende')))))

(define in-otherspace?
(lmbda (P) (and (>= p ( other-semispacee))

(< p (- *other-ssmispace-end*)))))

(define in-stack?
(lambda (p) (> p (get-reg SP))))
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(define maybe-copy
;; Copy heap blocks into new heap space, returning new result
(lambda (p)

(cond ((even? p) p) ; don't copy atoms
((in-thisupacs? p) p) ; optimization: obj's in thisS already scanned

((not (in-otherspace? p))
(begin (scan-transitively p) p)) ; only scan blocks not in old space

((odd? (get-slot p -1)) (get-slot p -1)) ; return forward addr
(else ;; ok, we've got a live one.
(let ((neup (get-reg HP))

(nslots (+ (de-itag (get-slot p -t)) 1))) ; untagged wordcount
(begin (set-reg! HP (+ nevp (* nslots 4)))

(set-slot! neup -1 (get-slot p -1)) ; size field
(copy-block neup p (- nslots 1)) ; data fields
(set-slot! p -i neup) ; set forward ptr.
(scan-transitively nevp)
newp))))))

(define copy-block ; copies from slot 0 to slot "slot - 1", inclusive.
(lambda (new old slot)

(if (<= slot 0)
the-unit
(begin (set-slotl new (- slot 1) (get-slot old (- slot M)))

(copy-block new old (- slot 1))))))

(define scan-transitively
(lambda (p)

(letrec ((loop (lambda (slot)
(if (< slot 0)

the-unit
(begin

(set-slot! p slot (maybe-copy (get-slot p slot)))
(loop (- slot 0)))))))

(loop (- (de-itag (get-slot p -1)) 1)))))

C.15 compiler/table.fx

The contents of the file compiler/table.fx:

;; polymorphic symbol-tables (compile-time environments)

There are three components to this package: a function to create an
;; empty environment "(mk-empty-env empty-function)", a function to create a

";; "binder" (i.e. a function to enter key/value pairs into the table)
"(ink-binder equality-comparator)", and a polymorphic lookup function

"; "(lookup key env)".
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;; types used in the comments below:

; ; empty-flag : empty-type
empty-type == value-type

;;;;; key key-type
env key-type -> value-type

; ; ;;;mk-empty-env : (poly (key-type value-type)
;-> (C-> (key-type) value-type)) env))

(define mk-empty-env
(lambda (empty-fn) (lambda (key) (empty-In key))))

ink-binder : (poly (key-type value-type)
C-> ((-> (key-type key-type) bool))

(-> (key-type value-type env) eay)
here, "env" is a macro, borrowing the definitions of key-type and

;;;'" value-type from the poly params.

(define ink-binder
(lambda (key=?)

(lambda (key value env)
(lambda (new-key)

(if (key-? key new-key)
value
(lookup new-key env))))))

lookup : (poly (key-type value-type)
(-> (key-type (-> (key-type) value-type))
value-type))

;;;;;

(define lookup (lambda (key env) (env key)))
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;; a handy utility...
;;

(define list2env
(lambda (empty-fn key=? pairs)

(letrec ((bind (uk-binder key=?))
(12a (lambda (1 t)

(if (null? 1)

t
(12e (cdr 1)

(bind (car (car 1)) (cadr (car 1)) t))))))
(12e pairs (mk-empty-env empty-fn)))))

..~o . ................oo..oo ..ooooo.o..o.....oo.............° ....

;; Sample to run through microfx to check typi.g... (yup, it worked)

;(run
'(letrec ((mk-empty-env (lambda (empty-flag) (lambda (key) empty-flag)))

; (uk-binder (lambda (key=?)
(lambda (key value env)

(lambda (new-key)
; (if (key=? key new-key)

value
; (lookup new-key en) )))))
; (lookup (lambda (key env) (env key))))
; (lot (
; (emptyl (uk-empty-env -1)) (bindl (uk-binder =))

(eopty2 (uk-empty-env -2)) (bind2 (ak-binder sym=?))
; )

; (begin

(lookup 1 (bindl 2 100 (bindl 1 99 emptyl)))
(lookup (symbol foo)

; (bind2 (symbol too) 500
; (bind2 (symbol bar) 600 empty2))))
; )

... ......... .. o.,. ........................ ....

C.16 compiler/topleve.f~x

The contents of the file compiler/toplevel.fx:

;; -e- Mode: Scheme; Package: SCHEME -*-

(define *verbose-flag. (ref at)) ;; makes the interpreter noisy...
(define *silent-flag* (ref #f)) ;; makes the interpreter SILENT.
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;; parse a microFl a-expression

(define test-parse
(lambda (sexp)

(pprint-exp (parse sexp))))

parse a microFI s-expression
;; (should reproduce input)

(define test-parse-simple
(lambda (sexp)

(unparse (parse sexp))))

;; type-check a microFI s-expression

(define check
(lambda (e)

(unparse-type (reconstruct-top (parse e)))))

type-check a microFl s-expression and display the expression tree
;; annotated with the reconstructed type information.

(define show-type-check
(lambda (e)

(let ((parse-tree (parse e)))
(begin (reconstruct-top parse-tree)

(pprint-exp-types parse-tree)))))

;; compile expression to icode.

(define itest-compile
(lambda (sexpr)

(let* ((exp (parse sexpr))
(type (reconstruct-top exp)))

(begin
(newline) (display "Type: ") (write (unparse-type type)) (neuline)
(generate-icode exp)
(display-icode-list)))))

;; compile expression to optimized icode.

(define otest-compile
(lambda (sexpr)

(let* ((exp (parse sexpr))
(type (reconstruct-top exp)))

(begin
(newline) (display "Type: ") (write (unparse-type type)) (newline)
(generate-icode exp)
(optimize-icode)
(display-icode-list)))))
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;; compile expression to ocode (prints assemblycode).

(define test-compile
(lambda (sexpr)

(let* ((exp (pars. sezpr))
(type (reconstruct-top exp)))

(begin
(newline) (display "Type: ") (write (unparse-type type)) (newline)
(generate-icode ezp)
(optimize-icode)
(generate-ocode)
(newline) (display "Object code: ") (newline)
(display-ocode-list (current-output-port))
(noeliun)))))

;; compile to ocode, then interpret ocode.

(define run
(lambda (sexpr)

(let* ((exp (parse sexpr))
(type (reconstruct-top sip)))

(begin
(it ( *silont-flag*)

the-unit
(begin (newline)

(display "Type: ") (write (unparse-type type)) (newline)))
(generate-icode exp)
(optimize-icode)

(generate-ocode)
(it (" *silent-flag*)

the-unit
(begin (newline) (display "Running: ") (newline)))

(init-emulator)
(rerun)
(it (- *silent-flag*)

the-unit
(begin (newline) (show-stats)))

(extract-value (get-reg VAL) type)))))
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;;compile to ocode, then interpret ocode. free-up spare memory first!
;;(worse for debugging, but better for automatic testing.)

(define run-u
(lambda (sexpr)

(let* (Corp (parse sexpr))
(type (reconstruct-top exp)))

(begin
(if (- *.ilent-flag*)

the-unit
(begin (newline)

(display "Type: ") (write (unparse-type type)) (newline))
(generate-icode exp)
(opitimize-icode)
(generate-ocode)
(if ('* *silent-flag*)

the-unit
(begin (newline) (display "Running: ")(newline))

(=icode-list (null))
(init-emulator)
(uicode-to-be-emitted (null))
(ulibrary-icode (null))

(rerun)
(if (- *silent-flag*)

the-unit
(begin (newline) (show-utats)))

(extract-value (get-reg VWL type)))))

;;like run, but verbose (prints instruction stream as it executes).

(define runv
(lambda (sexpr)

(let ((old-vtlag (- *verbose-fla&*)))
(begin

(:= *verbose-flag* ft)

(let ((retva~l (run sexpr))
(begin (:= *verbose-f lage old-vf lag)

retva~l))))))

;;print out various statistics about the run (Currently Only gc stats).

(define show-stats
(lambda 0)

(begin
(newline)
(display "*gcls=") (display (- *num-gcse))
(display " words copied by gc=) (display (- *gc-words-copied*))
(display " words allocated=) (display (- *total-allocation*))
(display 11 total-allocsm') (display (- *total-allocs*))
(newlinM)))
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;; compile for dlxsim into the file "fx.s".
;;

(define Ix
(lambda (sexpr) (fx-vith-outname sexpr "fx.3s1)))

;; compile for dlxsiu into a named file.

(define fx-with-outname
(lambda (sexpr outname)

(let ((prologname (string-append compiler-directory "/prolog.code"))
(epiloguame (string-append compiler-directory "/epilog. code"))
(old-pp (- *rr-pretty*)))

(let* ((exp (parse sexpr))
(type (reconstruct-top exp))

(fout (open-output-file outname)))
(begin

(:= *rr-pretty* #1) ; Io pprinting for DLI-ASM output
(newline) (display "Type: ") (write (unparse-type type)) (newline)

;; Compile program
(generate-icodes exp)
(optimize-icode)
(generate-ocode)

;; Copy prolog to output file

(neuline tout)
(leot ((prolog (open-input-file prologname)))

(copy-input-stream-to-output-stream prolog tout)
(close-input-port prolog))

write compiled code (as text) to output file
(display-ocode-list tout)

;; Output format string to print the result (see printf.s in runtime)

(display "RESULTFORMAT:" tout) (newline tout)

(display " .ascii " tout)
(write (type-to-printt-format type) tout)
(newline tout)
(display " .byte OxOa,O" tout) (newline tout)
(display " .align 2" tout) (newline tout)

;; Copy epilog to output file

(newline tout)
(let ((epilog (open-input-file epilogname)))

(copy-input-stream-to-output-stream epilog tout)
(close-input-port epilog))

(close-output-port tout)
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(display "Object code has been written to file ") (display outname)
(newline)
(:= *rr-pretty* old-pp))))))

(define listing
(lambda C) (do-listing (C ocode-list) "fx.asm")))

(define do-listing
(lambda (l outname)

Cletrec ((fout (open-output-file outname))
(loop (lambda (pc 1)

(if (null? 1)
the-unit
(let ((new-pc (match (car 1)

((ocode" 'labeldef _) pc)
((ocode" 'stringdef _) (+ pc 4))
L. (+ pc 4)))))

(begin
(newline tout)
(if (= PC new-pc)

the-unit
(begin

(if (< PC 1000) (display "0" fout) the-unit)
(if (< Pc 100) (display "0" fout) the-unit)
(if (< PC 10) (display "0" fout) the-unit)
(display pc fout) (display ": " ftout)))

(display (unparse-ocode (car 1)) fout)
(loop new-pc (cdr 1))))))))

(begin (loop 0 1)
(close-output-port fout)
(neuline)
(display "Listing has been written to file ") (display outname)
(newline)))))

;; some shorthand...

(define tc test-compile)
(define ic itest-compile)
(define oc otest-cozpile)

;; print-out the list of icode.

(define display-icode-list
(lambda C)

(begin
(newline) (display "Icode: ") (newline)
(for-each display-icode (- icode-list))
(newline))))
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;; print-out the list of ocode.
;;

(define display-ocode-list
(lambda (str-)

(newline) (display "Code: ") (newline)
(for-each

(lambda (W) (print-one-instruction x strm))
(- ocode-list))))

C.17 compiler/ty-recon.x

The contents of the file compiler/ty-recon.fx:

;-*- Mode: Scheme; -*-

modified 11/14/90 by jwo for mini-fx(90) version
Contains the occurs-check fix

Correction for future: when printing out type
clashes, should substitute types.

Most, but not all, of a type reconstruction program.

Type reconstruction

(define reconstruct-top
(lambda (a)

(begin
(reset-tvariable-counter !)
(reconstruct e standard-type-environment))))
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(define reconstruct
(lambda (orp tenY)

(match *ip
((variable->exp- type-ptr var)
(memoize-type type-ptr (reconstruct-variable var tony)))

((bool->exp- type-ptr -)
(memoize-type type-ptr boolean-type))

((int->exp- type-ptr -.)

(memo ize-type type-ptr integer-type))
(Cchar->exp- type-ptr -.)

(memoize-type type-ptr character-type))
((string->ezp- type-ptr -.)

(memoize-type type-ptr string-type))
((sym->exp- type-ptr -)
(memoize-type type-ptr symbol-type))

((conditional->exp- type-ptr test con alt)
(memoize-type type-ptr (reconstruct-conditional test con alt tenv)))
((begin->exp- type-ptr exprs)
(memoize-type type-ptr (reconstruct-begin expra ten?)))
((abstraction->exp- type-ptr f ormals body)
(memoize-type type-ptr (reconstruct-abstraction f ormals body tenv)))
((combination->exp- type-ptr op args)
(memoize-type type-ptr (reconstruct-combination op args tenv)))

((binder->exp- type-ptr dets body)
(memoize-type type-ptr (reconstruct-binder defs body tenv)))

((recursion->exp- type-ptr dotsa body)
(memoize-type type-ptr (reconstruct-recursion dots body tenv) ) ) )')

(define set-type!
(lambda (exp type)

(match exp
((variable->exp- type-ptr .. )(memoize-type type-ptr type))
((bool->ezp- type-ptr I(memoize-type type-ptr type))
((int->exp- type-ptr .. )(memoize-type type-ptr type))
((cha~r->exp' type-ptr .. )(memoize-type type-ptr type))
((strirng->exp- type-ptr .. )(memoize-type type-ptr type))
((sym->exp- type-ptr -) (memoize-type type-ptr type))
((conditional->exp" type-ptr - - .)(memoize-type type-ptr type))
((begin-.xp- type-ptr -.) (memoize-type type-ptr type))
((abstraction->erp' type-ptr - .) (memoize-type type-ptr type))
((combination->exp" type-ptr - .. ) (memoize-type type-ptr type))
((binder->ezp type-ptr - -.) (memoize-type type-ptr type))
((recursion->exp- type-ptr - .) (memoize-type type-ptr type)))))

(define memoize-type
(lambda (type-ptr type)

(begin (:- type-ptr type)
type)))
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(define reconstruct-variable
(lambda (var tony)

(let ((tvar-or-schema (tiockup tony var)))
(match tvar-or-schema,
((tvar->tvar-or-schema- tvar)
(tvariable->type tvar))

((schema->tvar-or-schema- schema)
(instantiate-schema schema))))))

(define reconstruct-conditional ;if
(lambda (test con alt tony)

(begin (unify! (reconstruct test tenv) boolea~n-type)
(let ((con-type (reconstruct con teni'))

(alt-type (reconstruct alt tonv)))
(begin (unify! con-type alt-type)

con-type)))))

(define reconstruct-begin
(lambda (exprs tenT)
(begin (map (lambda (exp) (reconstruct exp toni')) oxpra)

(expression-type (car (list-tail expra (- (l.ength exprs) 1)))))))

(define reconstruct-abstraction ; aALa.a
(lambda (vars body tonv)

(let ((new-tvars (map no '-t-ariable wars)))
(make-arrow-type

(map tvariable->type new-tva~rs)
(reconstruct body

(..xuend-by-tvari ..ýes toni' vars now-tvars))))))

(define reco-sx-.-ict-combins* ion ,call

(l.ambda (r, ar ýSnv)
(let V(arg-t. is (map (lambda (arg) (reconstruct arg tony)) arga))

(result-type (tvariablo->typo (new-t'variable (symbol result)))))
(begin (unify! (reconstruct op toni')

(make-arrow-type arg-types result-typo))
result-type))))

(define reconstruct-binder ;let
(lambda (deots body teny)

(reconstruct body
(ext end-by-u chemas
t eni
(map definition-name dogs)
(map (lambda (binding) (compute-schema (reconstruct binding tony)

toni'))
(map definition-value def a)))))
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(define reconstruct-recursion ; letrec
(lambda (dots body tenv)

(let* ((names (map definition-name dots))
(tvars (map new-tvariable names))
(dummy-tenv (extend-by-tvariables tenv names tvars))
(types (map (lambda (del)

(reconstruct (definition-value det) dummy-tonv))
dot s) )

(new-tenv (extend-by-schemas
tony names
(map (lambda Wt) (compute-schema t tenv)) types))))

(begin (for-each-2 unity! (map tvariable->type tvars) types)

(reconstruct body new-tenv)))))

Note: the use of UNIFY!-LIST rather than FOR-EACR-2 fails to
correctly type (or find a type error in) the following example:
(check '(letrec ((a (lambda () 3))

; (b (it (a) 1 2)))
; 4))

Type schemas
(define compute-schema ;Function GEN from handout

(lambda (type teny)
(make-schema (generic-tvariables type tenv)

type)))

NOTE: generic-tvariables looks not only at tvariables in the
given type, but also at tvariables in the leaves of
the fully unwound version of the given type. This interacts with
a similar unwinding at instantiation time to appropriately handle
generalization. There is potential confusion in that the returned
list may contain types that are not manifestly in TYPE but are in
the fully unwound tree associated with it.

(define generic-tvariables ;Compute FTV(type) - FTE(tenv)
(lambda (type tenv)

(match (prune type)
((tvariablo->type" tvar)
(it (generic-tvariable? tvar tenv)

(list tvar)
(null)))

((compound->type" - operands)
(letrec ((loop (lambda (ops tvars)

(it (null? ops)
tvars
(loop (cdr ops)

(union (generic-tvariables (car ops) tenv)
tvars))))))

(loop operands (null))))
((base->type" -) (null))
(L (error "this shouldn't happen" type)))))
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(define (union 11 12)
(coend ((null? 11) 12)

((null? 12) 11)
((in-tvariable-list? (car 11) 12) (union (cdr II) 12))
(else (cons (car 11) (union (cdr 11) 12)))))

[The following use of MEMQ is a Mini-Fl type error and an
abstraction violation, but it works k is fast.]

(define in-tvariable-list? memq)

Instantiate a type schema on a fresh set of type variables.
[This corresponds to Cardelli's "FreshType".]

(define instantiate-schema
(lambda (schema)

(substitute-into-type
(map (lambda (g) (tvariable->type (new-tvariable (tvariable-id g))))

(schema-generics schema))
(schema-generics schema)
(schema-type schema))))

; [The following corresponds to Cardelli's "Fresh"; note the call to prune.]

; lote that this unwinds TYPE out to the leaves when doing the substitution;

; this guarantees that we don't miss any substitutions because type itself

; isn't fully unwound,

(define substitute-into-type

(lambda (types tvars type)
(let ((type (prune type)))

(match type
((tvariable->type" tvar)
(letrec ((loop (lambda (ts tvars)

(if (null? ts)
type
(if (same-tvariable? tvar (car tvars))

(car tas)
(loop (cdr ts) (cdr tvars)))))))

(loop types tvars)))
((base->type° -) type)
((compound->type" c args)

(compound->type c (map (lambda (arg)
(substitute-into-type types tvars arg))

args)))
(C (error "this shouldn't happen" type))))))
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Type environments.

Environments can be extended in either of two ways:
extend-by-tvariables should be used by lambda and letrec to bind
var iables to type variables

extend-by-schemas should be used by let and letrec to bind variables
* to type schemas

Once constructed, there are two operations one can perform on a
type environment:

tlookup : teuw * var -> (tvar + schema)
* does the usual thing.
generic-twariable? : tvar * tenw -> bool
returns true if f twar is not free in the type of any var bound in tenv.

(def ine-datatype type-environment
(make-type-euw tlookup-proc generic-tvariable?-proc))

(define (tenv-lookup te)
(match te
CUmake-type-enw- lookup generic?) lookup)))

(define (tonv-generic? to)
(match to

((make-type-qenw lookup generic?) geaeric?)))

(define ertend-by-tvariables
(lambda (outer-tenv vaer tva.?.)

(extend-tenv
outer-tony
wars
(map tvar->tvar-or-schema twars)
(lambda (tvar)

;; tvar is an unconstrained type variable.
(letrec ((loop (lambda (tvars)

(if (null? tvars)
(generic-tvariable? tvar outer-tenw)
(if (occurs-in-type? twar

(tvariable->type (car tvars)))
,;(same-twariable? twar (car twars))

(loop (cdr twars)))))))
(loop twars))))))

(define extend-by-schemas
(lambda (outer-tenv wars schemas)

(ext end-C enw out er-t env
wars
(map schema->tvar-or-schema schemas)
(lambda (twar)

(generic-tvariable? twar outer-tony)))))
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(define extend-tenv ;Students' code should not call this

(lambda (outer-tenv vars typas generic-tvariable?-proc)
(make-type-env
(lambda (var)

(letrec ((loop (lambda (vars typas)
(if (null? wars)

(tlookup outer-tenv var)
(if (same-variable? var (car vars))

(car typas)
(loop (cdr vars) (cdr typas)))))))

(loop vars typas)))
generic-tvariable?-proc)))

(define empty-type-environment
(make-type-env
(lambda (var) (error "unbound variable" var))
(lambda (tvar) #t)))

(define tlookup
(lambda (tenv var)

((tenv-lookup tenv) var)))

(define same-variable? sym=?)

(define generic-tvariable?
(lambda (tvar tenv)

((tenv-generic? tenv) tvar)))

; Proving the correctness of this implementation of GENERIC-TVARIABLE?
; is tricky.

; A type variable is implemented as a record that contains a ref. The
global substitution is realized as the collective contents of the
refs for all type variables.

(def ine-datatype tvariable
(make-tvariable sym int (refof type))) ; id gennum ref

(define tvariable-id
(lambda (tvar)

(match tvar
((make-tvariable- id _) id))))

(define tvariable-ref
(lambda (tvar)

(match tvar
((make-tvariable" - r) r))))

(define tvariable-counter (ref 0))

(define reset-tvariable-counter!
(lambda 0) (:= tvariable-counter 0)))
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(define new-tvariable
(lambda (id)

(basin (:= tvariable-couziter (+ (- tvariable-counter) M)
(make-tvariabl* id (- tvariabl*-couziter) (ref unknown-type))))

(def ine (tvariable-binding tvar)
(- (tvariable-ref tvar))

(define extend-sub.? itlition!
(lambda (tvax binding)
(begin (:= (tvariable-ref tvar) binding)

(define same-tvariable?
(lambda (tvari tvar2)

(same-rat? (tvariable-ref tvarl) (tvariable-ref tva~r2M))

(define unknown-type (unknown- >type))

(define tvariable->sym
(lambda (tvar)

(match tvar
((make-tvariable- id gennum ..

(string->syu (string-append (string-append "?" (syim->string id))
(string-append 11-" (int->string gennum)) ))))))

Unification
Has side effects.
Generates an error if there is no unification.

(define unify I
(lambda (typal type2)

(if (unify!-interual typal type2)
the-unit
(error "type clash" (unparse-type typel) (unparse-type type2)))))
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(define unity!I-internal
(lambda (typal type2)

(lot ((typal (prune typel))
Ctype2 (prune type2)))

l; ow it a type is a variable, it will be unbound

(match typal
((tvariable->typo. v1)
(match typ*2

((tva~riablo-)type' v2)
(if (same-tvariable? vi v2)

#t
(extend-subst itut ion! vi type2)))

(if (occurs-in-type? vi type2)
St ;Circularity
(exteand-substitut ion! vi type2)))))

((base->type- ci)
(match typ*2

((tvariable->type' v2)
(extend-substitut ion! v2 typal))
((base->typ*- c2)
(same-name? ci c2))

(_ ft)))
((compound->type- coni argul)
(match typ.2
((tvariable->type' Y2)
(it (occurs-in-type? v2 typel)

#f
(extend-substitution! v2 typal)))

((compound->type- con2 args2)
(if (same-constructor? coal cou.2)

(unify S-list argal args2)
St))

L fim)))

(define unitw'-list
(lambda (typesi types2)
(if (null? typesi)

(null? types2)
(it (null? types2)

Si
(if (unity!-interual (car typedl) (car types2))

(unit y!-list (cdr typesi) (cdr types2))
01)))))

Chase substitutions of tvariables until either a non-tvariable or an
unbound tvariable is found.
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(define prune
(lambda (type)

(match type
((tvariable->type" tvar)

(match (tvariable-binding tvar)
((unknovn->type") type)

(other-type (prune other-type))))

C_ type))))

Prevent circular substitutions.

(define occurs-in-type?
(lambda Ctvar type)

(match (prune type)
((tvariable->typo" tvar2)
;; prune has guaranteed that tvar2 is unbound

(same-tvariable? tvar tvar2))
((compound->type" c args)
(letrec ((loop (lambda (args)

(it (null? args)
st
(or (occurs-in-type? tvar (car args))

(loop (cdr args)))))))

(loop args)))
(_ #Si))))

(define the-unit (:= (rtf 0) 0))

D pFX/DLX Run-time Implementation
This appendix contains a snapshot as of February 12, 1992 of the 8 source files which

implement the runtime system. All of these files are available via FTP.

The files included in this appendix are as follows:

Filename Module Purpose
runtime/Makefile Support Makefile for processing runtime DLX code

runtime/alloc.s Runtime DLX Memory allocation and garbage collection
runtime/epilog.s Output DLX code to follow compiled code

runtime/frames.s Runtime Runtime code for register save and restore
runtime/lib.s Runtime Miscellaneous runtime primitives

runtime/macros.h Support Macros used in prolog.s and epilog.s
runtime/printf.s Runtime DLX code implementing printf utility

runtime/prolog.s Output DLX code to precent compiled code

The index at the end of this document contains entries for procedures, shared vari-
ables, and runtime entry points.
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D.1 runtime/Makefile

The contents of the file runtime/Makefile:

CPP=cc -E -traditional
tCPP=gcc -E -traditional
#CPP=/lib/cpp -P

all: .. /epilog.code .. /prolog.code

.. /epilog.cods: macroo.h epilog.s alloc.s frames.s printf.s lib.•
$(CPP) epilog.. \

I sod -g 's/;.*$$//' \
I sod-g 'Is / /g' \
I egrep -v " )*$$I#.*I

> ./pilog. code

.. /prolog.code: macros.h prolog.•
$(CPP) prolog.s \

I sod -g 'I/;.*$$//' \
I sod-g In/ I I' \
I egrep -v '" "*S$I-".*I

> ./.prolog. code

D.2 runtime/alloc.s

The contents of the file runtime/alloc.s:

alloc.s

Here lieI the memory allocator and garbage collector.

If you have to change it. then be careful, and TEST OFTEN (that
means REALLY often), because it's a real pain to debug if it gets

; broken.

LEAVE ALL THIS DATA TOGETHER (for addressability)!
aemory-descript ion:

.word 0 ; Dummy value
Bounds on memory use

..semispace..size:
.word 2048

.. tack.size:
.word 2048
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;; Pointers that describe the two semispaces.
..this..somispace:

.word 0
-this-s cmi spacesend:

.word 0
-.oth~r..semispace:

.word 0
..other-.s emispac e...nd:

.word 0

;;Statistics
.nu- cs: ; count of Sc'. performed

.word 0
4Sc...ords-.copied: ; number of words scanned by all gc's

.word 0
-.total-allocation: ; total *words allocated (ever)

.word 0
-tota-,.allocs:

.word 0
.may stack-size:

.word 0

;;Flags and misc...
-.just-di4.a..gc:

.word 0

;;Address above locations by offset$ from Memory-description
tef ine a emispac e.s ize -semispace..ize-Memory-dos cript ion
*def ine stack-.size -.stack-.s ize-Hemory-descript ion
*define this-semispace ..this..semispace-Kemory-descript ion
*def ine this..semispace.And ..this-.semispace..ed-Nemory-descript ion
*def ine other..seminpace ..other-szmispace-Memory-descript ion
#def ine other..semispace-a.nd -.other.semispace..end-Mcmory-descriptionL
*dsf ine num-gcs ..num.gcs-Knmory-descript ion
Sdef in. gc...ords-.copied 4gc...ords-.copied-Nemory-descript ion
#def in., total-.allocation -.total 0 locat ion-Nemory-Aescript ion
Sdef in. total-allocs ..total..allocs-Nemory-.descript ion
8def ine max-.stack-size ..mai..tack-.s ize-Memory-Aescript ion
Sdefine just-did...a.gc -.just-did-A-c-Nemory-descript ion

;;..init-runtime:
Initialize runtime system. Puts startup values in the runtime

;;system's variables and initializes SP. and HP. Trashes ATEMP, RETADR;
;;zeros ARGO--ARG3.

..init..runtime:
;; Initialize memory-mianagement registers
iki SP. (TOTALMENSIZB-4)>>16
oni SP,SP, (TOTrM.KEXSIZE-4)&Oxffff
liii IP, (...dprogram+1)»ie ; tag this pointer.
oni HP, RP. (.Andprogram+ 1) &Oxffff
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;; Initialize the semispace descriptions
ihi ARGI . (Xemory-d.script ion>> 16
ori ARG1.ARG1, (Memory-dencript ion) &Oxf f
IV IRG3,semispace-.size(ARGI)
alli ARG3,&1G3,2 ,*4 =byte count

swthis..semispace(IRG1) ,NP
addu ARG2.HPARG3
a. this-someispace-e.nd(ARGI) ,ARG2
a, other..somispace(ARG1) ,ARG2
addu IRG2,ARG2,AIIG3
8, other..seam.pac*...nd CARG1) ,ARG2

;; Clear statistics...
V. nwa.gcsCARGl), ,ZERO

a. gc...ords..copied(ARGl) .ZERO
a.tot al..allocat ion (ARGI) .ZERO

iv total..allocs(ARGI), ZERO
5w mar .stack...ize(ARGI). ZERO

or ARG1,ARG1,ZERO
or ARG2,ARG1,ZER0
or ARG3,ARGIZERO
jr RETADR
flop

;;.ZBLOCK -- zero gc block
;;On entry:

ATEMP contains (tagged) pointer to GC block (with size
,,slot tilled in).

;;On return:
Data slots of GC block are all zero.
ATEMP still points to GC block

..ZBLOCK:
5w O(SP),ARGI ; free-up a temp,

a, -4(SP),ARG2
lV ARGI.-l(ATEMP) ; load (tagged) size into ARG2
or ARG2.ZERO,ATEMP

zblock..loop:
beqz ARGI .zblock-done
flop
a. 3(ARG2),ZERO ; zap a word
addui ARG2,ARG2,4 ; inc pointer
j zblock..loop
subui ARGl.ARG1,2 ;dec count

zblock-dons:
lw ARG2,-4(SP)
jr RETADR
lV ARGI,O(SP)
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;; SALLOC -- stack allocation of GC block
;; On entry:

ATEMP contains the (tagged) number of words to allocate.

;; On return:
ATEMP contains a (tagged) pointer to a new gc block of

;; the requested size. This block has its size slot filled
;; and all data slots sent to zero

SP decremented to make room for new block
Ill other regs are preserved

.SALLOC:
cubu SP,SP,ITEMP
subu SP,SP,ATEMP
subui SP,SP,4
29 O(SP),ARG1 ; free-up a temp
sw -4(SP),ARG2 ; free-up another temp
sw -8(SP),ARG3 ; free-up another temp

lhi ARGI, (Memory-description)>>16
ori ARG1,ARG1, (Memory-description)&Oxffff
lw ARG2, stack-size(ARG1)
slli ARG2,ARG2,2 ; *4 = byte count
lhi ARG3, (TOTALMEMSZZE-4)>>18
ori ARG3,kRG3,(TOTALMEMSIZE-4)&Oxffff
subu ARG2.ARG3,ARG2

slt ARG2, SP, ARG2 ; Stack overflow?
bnez APG2. stack-overflow
nop

addui ARG3, SP, 5 ; Tagged ptr to new block
sw -1(APG3), ATEMP ; Save size into size slot

;; Increment statistics
srli ATEMP,ATEMP,1 ; get untagged wordcount
1V ARG2,total.allocation(ARG1)
addu ARG2,ARG2,ATEMP ; inc the statistic.
addui IRG2,ARG2,1 ; (account for size fields too)
sw total allocation(ARGI) ,ARG2

or ATEMP,ZERO,ARG3 ; move pointer to ATEMP

1W IRG3,-8(SP) ; reload the temp registers
lW ARG2,-4(SP) ; & go zero block
j _ZBLOCK
1w ARG1,O(SP)
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sov..Uug:
.ascii "Stack overflow. Dying...
.byte OxOa,OxOO
.align 2

stack-.overflow:
ihi ARGO, (printf-closure+ I)>>)16
ori ARGO, ARGO, (printi-closure+ 1) &Oxifff
ihi ARG1, Csow-msg)»i16
oni AAG1,IRG1, (sow..msg)&Oxf~fif
1. ATUMP, V(ARGO) ;Jump to printf
jair ATEMP;/
flop
trap 0 ;Die
nap

;; SFREE -- stack free
..SFREE:

1T ATUMP, -1(ATENP) ;Get (tagged) word count
addu SP,SP,ATEMP
addu SPSPITUMP
addui SP,SP,4 ,(Plus one for size slot).
ihi ATEMP, (TOTAI.ENESIZE-4)»>16
ori iTEMPATEMP, (TOTAL MNESIZE-4)&Oxffff
ogt ITEMP,SP,ATEMP
bnez ATEMP, stack .naderf low
flop
jr RETADR
nap

suv..msg:
. ascii "Stack underfiow. Dying..."
.by-te OxOaOxOO
.align 2

stack..undenilow:
ihi ARGO, (printf..closu~re+I)»>16
ori ARGO, ARGO, (printf~closure+1)*Oxffff
ihi ARGI, (suv..mug)»>16
ori ARG1,ARG1, (suv-zsg)&Ox~ff~ft
lv ATEMP, 3(ARGO) ,Jump to printf
Jamr ATEMP/
flop
trap 0 ,Die
nap

;;ALLOC -- allocate gc block on heap
Same as SALLOC except on heap. May initiate a ga~rbage

collection, which will change the value of pointers into
the current space.

..ALLOC:
sw O(SP),ARG1 ; free-up a temp

s. -4(SP),ARG2 ; free-up another temp
w -SCSP),ARG3 ; free-up yet another temp
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ihi IRGI, CMemory-dencription)>>16
ori ARGA ,ARGI, (memory-escription)&Oxffrf

I: ARG2,this-.semispace-a.nd(ARGI) ; get end ptr ready ...

or ARG3,ZEP.O,HP ;get pointer to the new block
addu HPNPATEMP ;inc HP to next free mem
addu EPBP,ATUMP ;(ATEMP was tagged wordcount ...)
addu HP,HP,4 ,add a word for a size field

sgt ARG2,RP,ARG2 ;is hp over the end?
beqz ARG2,need-no-c ;if not, we're ok.
nop

;; Uh-oh, we need to do a gc.
1w ARG3,-8(SP) ;reload the temp registers
1w ARG2,-4(SP) ;& go collect (k retry alloc)
j gc
1w ARGI,O(SP)

need..no-c:
sw -i(ARG3),ATEMp ; stick the size into the new blk

;; Clear recursion-check flag to indicate it worked this time
sV just-did..ac (ARGO, ,ZERO

;; Increment statistics
arli ATENP,ATEMP,l ; change ATEMP to untagged wordcount
1V ARG2 ,total..allocation(ARGI)
addu ARG2,ARG2,ATEMP ,inc the statistic.
addui ARG2,ARG2,1 ,(account for size fields too)

Sw tot&1..allocation(IRGl) ,ARG2
1w ARG2 ,total allocs (AUGI)
addui ARG2,IRG2,1
aw total..allocs (ARGI) , ARG2

or ATEMP,ZERO,kRG3 ; move pointer to ATEIIP

1w ARG3,-8CSP) ; reload the temp registers
1w ARG2,-4(SP) ; & go zero block
j ..ZBLOCK
1w ARGI,o(SP)
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;; gc -- garbage collector

;; On entry:
HP is garbage.
ATEMP (still) contains the (tagged) number of words to allocate.

;; On return:
All reachable data has been moved to the (old) other

space, and the spaces have been swapped. The root set
is all registers except ZERO, HP, SP, ATEMP, and RETADR

HP points to usable space in a (new) semispace
ATEMP contains a pointer satisfying the alloc request
All other regs are preserved modulo forwarding due to copying
We return to address in RETADR

gc:
sw O(SP), ATEMP
sw -4(SP), RETADR
subui SP, SP, 8

;; We'll push a frame onto the stack, making the root set be
;; just FP and VAL (since VAL isn't saved into the frame).
jal .SALLOC ; Alocate frame on stack
ori ATEMP, ZERO, 2*(FrameSize) ; (Tagged) size of frame
sw 3(ATEMP),FP ; Link frame into
or FP,ZERO,ATEMP ; dynamic chain
jal -SAVE
sv 15(FP),EIV ; (Not saved by -SAVE)

lhi ARGI, (Memory-descript ion)»>>16
ori ARGIARGI, (Memory-des cription)&Oxffff

;; Check to see if we recursed; if so, out of memory...
lw ARG2,just-did.a..gc(ARG1)
bnez ARG2,gc.loop-detected ; EEEEEEEEEEEE
nop

;; Flip the semispaces
1w, ATEMP,this.semispace.end(ARGI)
lv HP ,otherJsemispace-aendd(ARGI)
a. other-semispace..nd(ARG1), ATEMP
sv this.emispace-end(ARG1), HP
lv ATEMP ,thias-zemispace(ARGI)
lv HP .other-Aemispac•(ARGI)
sw other.semispace(ARGI), ATEMP
a. this semispace(ARGI),HP

;; That cleverly left HP properly initialized. low scan root set.
jal maybe-copy
or ARG2,ZERO,FP
or FP,ZERO,ATEMP

135



D.2 runtime/alloc.s D uFX/DLX RUN-TIME IMPLEMENTATION

jal maybe.copy
or ARG2,ZERO,VAL ; VAL isn't in the frame...
or VAL,ZERO,ATEMP

; At this point, garbage collection is done. oead to update
;; statistics, restore registers and the stack, and retry
;; allocation.

;; mark-up statistics...
lW ARG2,num.gcs(ARaI) ; inc gc count
addui ARG2,ARG2,1.
9 num-S.gcs(ARGI),ARG2

1w ARG3,this.semispace(ARGl) ; get bottom of this space
subu ARG3,HP,ARG3 ; subtract it from current hp
srai ARG3,ARG3,2 ; change bytecount to wordcount
lW ARG2,gc.words-copied(ARGI) ; add this to totdi GC charge
addu ARG2,ARG2,ARG3
sw gc.words-copied(ARGI), ARG2

;; Set flag so next alloc (called from end of GC) will fail if no mem
sw just.did-a.c (ARGI) ,ARGI

;; Restore regs, pop activation frame from dyn chain, free manc it used
jal -ESTORE
sin 15(FP),UV ; (Not restored by -RESTORE)
or ATEMP, ZERO, FP
lW FP, 3(ATEMP)
jal ..SFREE
nop

;; Restore resgisters we saved right at start of gc
addui SP, SP, 8
lw RETADR, -4(SP)
lw ATEMP, O(SP)

;; retry the alloc, setting just-did flag so we can detect out-of-mem
j ..ALLOC ; go re-try the allocation...
nop
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;; gc.loop.detected -- didn't free enough mer; print message and die
out..me.msg:

.ascii "Insufficient memory to process alloc request. Dying..."

.byte OxOa,OxO0

.align 2
gc.loop-det ected:

lhi ARGO, (printf_closure+1)>>t6
ori ARGOARGO, (printf.closure+I)&Oxff ff
lhi ARGI, (out.memu.sg)>>16
ori ARGI,ARG1, (out-mem-msg)&Oxf fff
lv ATEMP, 3(ARGO) ; Jump to printf
jalr ATEMP
nop
trap 0 ; Die
2op

;; maybe.copy
;; On entry:
;; ARGI points to Memory-description
;; HP points to free memory in the (new) semispace (this.semispace)
;; ARG2 contains a value to be copied (possibly)

;; On exit:
If thing in ARG2 is a tagged pointer, recursively maybe-copy

;; each slot. If that pointer points into the old semispace, copy
;; object into new semispace.

ATEMP is either old ARG2 if original wasn't a tagged
; ; pointer into old semiapace, or pointer to new copied
; ; block if it was such a pointer.

maybe-copy:
sw O(SP),RETADR
subui SP,SP,4

or ATEMP,ZERO, ARG2 ; By default, return original value

;; If not a pointer, then we're done
andi ARG3,ARG2,1
beqz ARG3 ,maybe-copy-done
fop

;; If pointer into this-space, just return it <== it's scanned already
lw ARG4,thissoemispace(ARGI)
sge ARG3,ARG2,ARG4 ; ARG3:= p >= this-semispace
beqz ARG3, check-.4_semispace.-ptr
lW ARG4, this-semispace-end(ARGI)
slt ARG3,ARG2,ARG4 ; ARG3:= p < this-semispace.end
bnez ARG3,maybe-copy-done
nop
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;; pointer to otherspace => copy object IND scan object
;; 'ointer somewhere else => OILY scan object

check-4.sem.Lspace-ptr:
Iw ARG4, othersosmispac (ARC I)
sge ARG3,ARG2,ARG4 ; ARG3:= p >= other.semispace
beqz ARG3, scan-transitively
IV ARG4, otherJ emispace.end(ARGI)
sit ARG3,ARG2,ARG4 ; ARG3:= p < other.semspace-end
beqz ARG3, scan.transitively
nop

;; For semispace ptrs, don't chase if it's a forwarded pointer
isesemispace.ptr:

IV ATEXP,-i(ARG2) ; Get size or forwarding ptr
andi ARG4,ATEMP,1 ; is this forwading pointer?
bnez ARG4,maybe.copy-done ; yup => just return it.
nop

live: ;; Ok, we've got a live one.
or ARG3,ZERO,ATEXP ; get (tagged) size in words
or ATWNP,ZERO,HP ; quick 'n dirty alloc

addu HP,HP,ARG3 ; /
addu HPHP,.1G3 ; / (two times to get byte count)

addui HP,HP.4 / (add 4 bytes for size slot)
sw -1(ATEXP),ARG3 ; stash block size (tagged in words)

sw -I(ARG2),ATEXP ; set forwarding address.

jal copy-block ; copy old block to new block
fop

scan-transitively:
;; Here, ATEXP points to a block whose contents need to be

";; "maybe.copied". loop over it, doing the proper thing.

;; ARG2, ARG3 and ARG4 are free.
subui SP,SP,12 ; save 3 words live data thra recursion
sw 4(SP), ATEMP ; Save original value
or ARG3,ZERO,ATEXP ; block pointer into ARG3

iW ARG4,-I(ARG3) ; (tagged) wordcount in IRG4

scan.transitively.loop:
beqz ARG4,scan-transitively-done ; quit when count is zero
nop
1w ARG2,3(ARG3) ; get a word
sw 8(SP),ARG3 ; Save registers for recursive call
sw 12(SP),ARG4
jaal maybe.copy ; maybe.copy the item
nop
1w ARG4,12(SP) ; restore regs after recursive call
1w ARG3,8(SP) ; /
sw 3(ARG3),ATEKP ; replace old value
addui ARG3,ARG3,4 ; inc pointer
j scan-transitively-loop
subui ARG4,ARG4,2 ; decrement (tagged) count.

scan.transit ively.done:
1w ATEMP, 4(SP) ; Restore original value of pointer
addui SP,SP,12 ; Pop off spaced used during recursion
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uaybe-copy-done:
addui SP,SP,4
lV RETADR,O(SP)
jr RETADR
top

;; copy-block -- copy old block to new block.
;; ARG2 points to old block (with forwarding ptr in size slot)
;; ATEMP points to new block (with valid size in size block)
;; ARG2, ARG3 and ARG4 are trashed; all rest Cincl. ATEMP) presrved

copy-block:
1w ARG3,-1(ATEMP) ; Get size in words (tagged)
addu ARG3,ARG3,ARG3 * 2 = untagged byte count
addu ARG2,ARG2,ARG3 ; point to end of old block
addu ARG3,ATEXPARG3 ; point to end of new block

copy.block-loop:
8ubu ARG4,ARG3,ATEMP ; compare ptr to beginning of block
beqz ARG4,copy.block.done ; done if no more to copy.
top
Iw ARG4,-I(ARG2) ; move a word
sw -I(ARG3),ARG4 ; /
subui ARG2,ARG2,4 ; adjust oldblock pointer
j copy.block-loop ; (loop)
subui ARG3,ARG3,4 , adjust newblock pointer

copy-block-done:
jr RETADR ; ARG2 and ATEMP are what they were.
top

;; statistics -- print memory statistics.
statformat:

.ascii "#gc':=Yd words copied by gc:•d words allocated=:d total allocs=%dd"

.byte OxOaO

.align 2

STATISTICS:
O(SP), RETADR

aw 4(SP), ARGO
II - 8(sP). ARGI
sw 12(SP), ARG2
aw 16(SP), ARG3
iv 20(SP), ARG4
8V 24(SP), ARGS
subui SP,SP,28

lhi ARGO, (printf-closure+l)>>16
ori ARGO,ARGO, (printf-closure+I)&Oxffff

lhi ARG1.(stat-format)>>1 ; Get format string
ora ARG1.ARGl,(stat-ormat)&Oxffff ; /
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lhi ATEMP, (Memory-descript ion)>> 16

ori ATEMPIATEMP, (Memory-descript ion)&Oxff f

1W &RG2,nun..gcs(ATEMP) ; get count of GC's performed

slli LRG2,ARG2,1 ; tag the value for PRIUTF

lv ARG3,gc.words-copied(ATEKP) ; get GC work estimate

slli ARG3,ARG3,1 ; tag the value for PRINT?
l9 ARG4,totalaliocation(ATEMP) ; get total amt allocated

alli ARG4,ARG4,1 ; tag the value for PRINTF

lw ARGStotal.allocs(CTEMP) ; get total calls to alloc

llli ARG6,ARG6,1 ; tag the value for PRINT?

;; Do call to printf
1w ATEMP, 3(ARGO) ; Jump to printf
jalr ATEMP
nop

addui SP,SP,28
lV ARGS,24(SP)
lw ARG4,20(SP)
1w ARG3,16(SP)
1w ARG2,12(SP)
lw ARGi,8(SP)
lw ARGO,4(SP)
lw RETADR,O(SP)
jr RETADR
sop

D.3 runtime/epilog.s

The contents of the file runtime/epilog.s:

;; COMPILED CODE ENDS ERE ...........................................

;;; epilog.s (in comp/backend/runtime)

Epilog: What follows makes-up all run-time routines used by the microFl
system. We let the DLX simulator do any necessary linking, and if
more code is included than is needed, so be it. See macros.h

for register definitions.

prolog.s contains initialization code.

#include "macros.h" /* registername macros, etc e/
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startl_-losure: ; Static closure for printf routine
.word 4
.word START.4
.word 0

printf-closure: ; Static closure for printf routine
.word 4
.word PRINTF
.word 0

stats.closure: ; Static closure for statistics printing routine
.word 4
.word STATISTICS
.word 0

#include "alloc.s"
Sinclude "frames.s"
*include "printf. s"
#include '*lib.s"

;..endprogram
Does nothing, just marks the end of the program (and hence the

beginning of the heap at initialization time). See alloc.s

; to see how this is used.

_endprogram:

D.4 runtime/frames.s

The contents of the file runtime/frames.s:

;; frames.s
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-;.SAVE -- save registers into a frame
C try:

FP contains a (tagged) pointer to the frame.

;;On exit:
ITEMP and RETADR trashed
r6--r29 are saved into frame according to convention
All, other rings are preserved

-SAVE:
a. I~ICFP),r29

:w IO7CFP),r28
3w 103(FP),r27

sw 99(FP),r26
w 96(FP).r25

Is 91(FP),r24
s. 87(FP)..r23
s. 83(FP).r22
a. T9(FP),r21

am 76(FP.r20
a.71(FP),rI9

amI 67(FP),rIS
am 63(FP).r17
a, 5BCFP)r16

am 5(FP),r15
a. I(FP).rl4
am47(FP)..rl3
5,43(FP),r12

a,39(FP),rII
IN 36(FP),rlO

s: 31(FP).rg
am27CFP),rS

am 23(FP),r7

a: 19(FP),r6
JrRETADR
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AMETORE -- restore rags from a frame.
O; n entry:

FP points to the frame

O; n exit:
rd--r29 are restored from frame
ATENP and UETADR may be trashed

RESTORE:
IV r29,111CFP)
lV r28,107(FP)
IV r27,103(FP)
lV r28,99(FP)
IV r25,96(FP)
IV r24,91(FP)
IV r23,87CFP)
IV r22.83(FP)
IV r2l.79CFP)
IV r20,7S(FP)
IV r19,71(FP)
IV ri8,67(FP)
IV r17,63(FP)
IV r16,69(FP)
IV r15556(FP)
IV r14,61(FP)
lV r13,47(FP)
IV r12,43(FP)
IV r11.39(FP)
lw r1O,35(FP)
IV r9,31(FP)
IV rS,27CFP)
IV r7,23(FP)
lV rS,19(FP)
jr RErADR
nop

D.5 runtime/lib.s

The contents of the file runtimne/lib.s:

;;micro-Fl assembly-language libraries

;;Print (tagged) character in ARGO

;;CHR callable from micro-FX [has type ->(char) unit)]

lV RETAflR,11(Fp)
sub VAL, VAL, VAL ;Return value zero
j _.TPU'rCHAR
flop
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;; .PUTCHAR -- put a character using dlx system call

;; On entry:
;; ATEMP is (untagged) character to print
;; On exit:
; ; Stack used but SP preserved
; ; ATEMP trashed

put charI ormat.string:
.asciiz ",c"
.align 2

put charjormat:
.word put char-tormat.string
.space 4

_TPUTCHAR: ;; Print (tagged) character in ATEMP.
srai ATEMP,ATEMP.1 ; untag the char

_PUTCIAR: ;; Print (untagged) character in ATEMP.
sw O(SP), r14 ; Save old value of r14
subui SP, SP, 4
lhi r14, (putchar-format>>16) ; Pointer to args in r14

ori r14, r14, (putchar-format&Oxtfft)
sm 4(r14), ATEMP
trap 5 ; Call print built-in
nop
addui SP, SP, 4
lW r14, O(SP) ; restore r14
jr RETADR ; Return to caller
nop

;; _SYM2STRING -- implements low-level part of sym->string
;; On entry:
;; ATEMP points to uFX symbol
;;

;; On exit:
;; Stack used but SP preserved

;; ATEMP points to uFl string
.SYM2STRING:

sw O(SP),JRGO ; free-up some temps
s: -4(SP),ARG1 ; /

-8(SP),ARG2 ; /
sw -12(SP),RETADR ; /
subui SP, SP, 16

or ARG2, ATEMP, ZERO ; Save pointer to symbol text

subi ARGI, ZERO, 1 ; Initialize length counter

len.loop:
lbu ARGO, O(ATEMP) ; Get next character in symbol
addi ARGI, ARGI, 1 ; Inc length counter
addui ATEMP, ATEMP, I ; Increment symbol pointer
bnez ARGO, len.loop ; nxt char is not '\0', loop again
nop
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slli ATEMP, ARGI, I ; Tag length of string (D-slot!)
jal _ALLOC ; Allocate vector for string
nOp
or ARGI, ATEMP, ZERO ; Save pointer returned by allocation

fill-loop:
lbu ARGO, O(ARG2) ; Get next character in symbol
addui ARG2, ARG2. 1 ; Increment pointer into symbol
slli ARGO, ARGO, I ; Tag the character
beqz ARGO, fill.done , If the character is '\0', quit loop
nop
sw 3(ARG1), ARGO ; Store character in heap vector
addui ARGI, ARGI, 4 ; Increment pointer into heap vector
j fill.loop ; repeat
nop

fill-done:
addui SP, SP, 16
lI RETADR,-12(SP) , reload the temp registers
lw ARG2,-8(SP) ; /
li ARG1,-4(SP)
lI ARGO,O(SP) ; /
jr RETADR , and return.
nop

D.6 runtime/macros.h

The contents of the file runtime/macros.h:

/,

macros.h: macron for easing the writing of prolog and epilog.
do /lib/cpp -P prolog.s > prolog.code

/lib/cpp -P epilog.s > epilog.code
to use (done in the Makefile).

*/

#define ZERO rO
#define VAL ri
#define EJV r2
#def ine FP r3
*define SP r4
*define HP r5

*define ARGO r6
*define ARGI r7
*define ARG2 r8
#define ARG3 r9
Atdefine ARG4 r10
*define ARG5 r1n
#def ine ARGO r12
#define ARG7 r13
#define ARG8 r14
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4def ine ATEMP r30

8define RETADR r31

84•fine FrameSize 28 /* (untacned) # words in a frame. */

8define TOTALMENSIZE 32788

D.7 runt ime/printf.s

The contents of the file runtime/printf.s:

;; printf.s (in comp/backend/runtime)

;; PRINTF -- A primative printf
;; On entry:

ARGI points to a DLX string (uFI -symbol-) with grammar %x
;; where x is:

x :: a '%' sign
d (decimal) integer

b boolean
c char

; string (null-terminated)
F function
pxx pairs (where x is recursive format)

lx lists (thus a list of lists of ints is
printed by %lld)

rx refs

vx vectors
;; ARG2--ARG8 are rest of printf arguments (up to 6)

;; On exit:
Uses regular uFX calling conventions, is, almost nothing saved.

Returns the-unit.

PRINTF:
nop

printf-loop:
lb VAL,O(ARGI)
beqz VAL, end-print
nop
seqi r29,VAL,Gx2S ;

beqz r29,no-escape
nop

;; got a %, see what the esc'd char is...

addui ARGI,AIG1,1

lbu VAL,O(ARGI)
beqz VAL, end.printf
nop
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seqi r29,VAL,0x62 ; b'
bnez r29, bool..out
flop

seqi r29,VAL,0x63 P0'c

biiez r29, char-o.ut

seqi r29,VAL,0x64 I ds

bnez r29, dec-.out
flOp

seqi r29,VALOx70 Opp

buez r29,pair-.out
flop

seqi r29,VAL,Ox6c 1')

bnez r29,list..out
flop

seqi r2g,VAL,0z76 ; 'v'

buez x29,vec..out

seqi r29,VAL,0z72 ; )r'
bnez r2g, rot-.out
flop

seqi r2g,VALOx73 ; Is)
bnez r29,asym..out
flOp

;;Otherwise, just print the escaped character
no-.escape:

jal -PUTCHI.R ,Print the character
or ATEMP, VAL, ZERO
j printf-loop
addui ARG1,ARG1.1

en&..printf :
IV RETADR, 1iCFP)
jr RETADR
or VAL, ZERO, ZERO

shiftem:
or ARG2,ZERO,ARG3
or ARG3,ZERO,ARG4
or ARG4,ZERO,ARG5
or ARGS,ZERO,ARG6
or ARG6,ZERO,ARG7

jr RETADR
or IRG7,ZERG,ARG8
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;;To print a char, untas it and use -.PUTCHAR

char-.out:
jai shiftem ;Shift a~rguments down

srai ATEMP,ARG2,1 ;Untag char to be printed (in D-slot!)

jal ..PUTCHAR
naop

j printf..loop
addui ARGl, ARGI, I

;; Use DLX's printf with %~d format
dec-.out:

ihi r14, (dec-format)»>16
oni ri4,r14, (dec~formaý'8Oxffff ;Load-up the %d format string

srai VAL,ARG2,1 ,Untag zint 2B printed

3w 4(r14),VAL
trap 5

nup
jai shiftem ;shift the a~rgs aroun...
nlop

j printf-loop
addui ARGI,ARG.1,

dec-format..string:
.asciiz "%d"
.align 2

dec-format:
.word dec..format..string
.space 4 ,Save space for number to print

;; Use -.PU'TCHAR to print a #then a T or F
bool-.out:

jal ..PUTCHAR ,Print '#'

oni ATEHP, ZERO, 0x23 ;I
sme VAL, ARG2, ZERO
oni XTEMP, ZERO, 14
all ATEMP, ATEMP, VAL
addi ATENP, ATUMP. 56 ATEMP =(VAL. ? IT' 'F')
jal ..PUTCHAR
flop
jai shiftem
flap

j printf..loop

addui ARGI,ARG1,1
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;;Use DUI printf here.
sya..out:

ihi r14, Cstring-format)»>16
ori r14,rI4, (string-format)kOxiffff
aw 4Cr14),IRG2
trap 5
r~op
jai. shiftem ,shift the args around...
nop,
j printflicop
addui ARGIIRG1,l

string.f ormat-string:
.asciiz 11%311
.align 2

string-format:
.word string-fiormat..string
.space 4

149



D.7 runtime/printf.s D iFX/DLX RUN-TIME IMPLEMENTATION

;; build-format -- build format for recursive call to printf
;; On entry:

ARGI points to first character of the old format
;; (excluding % sign). This char is assumed to be one of
;; the compound types (1, v, p. r).
;; On exit:

ATEMP points to new format (allocated on stack).
ARGI points to last character of old format
r14,r1S,r16,r17,r18 trashed

build-format:
; first calculate length of new format string (minus the % char)
or r14, iRGI, ZERO
ori ATEMP, ZERO, 0
ori r18, ZERO, 0

bf-deeper:
addi r18, r18, I ; Counts nested p's

bf-len.loop:
addui r14, r14, 1
lbu r15, 0(r14)
addi ATEMP, ATEMP, 1
sequi r18, r15, Ox70 ; 'p3

bnez r18, bf-deeper
sequi r16, r15, OxGc ; '1'
bnez r16, bflen-loop
sequi r17, r15, 0z72 ; 'r'
bnez r17, bf.len.loop
sequi r16, r1S, 0x76 ; 'v'
bnez r18, bf.lenzloop
hop
subi r1S, r18, I
bnez r18, bf-len-loop
nop

bf.len-done: ; length in ATEMP
;Nlow allocate room on stack for the new format string and the length
; of the string
addi r14, ATEMP, 8 ; Include room for '%' & a length
andi r14, r14, Oxfffc ; Align length to word boundary
subu SP, SP, r14
sw 4(SP), r14 ; Save length to make popping easy
; Create new format string by appending a '%' to thing passed in
addui r14, SP, 8 ; Ptr to base of new string
ori r15, ZERO, 0x25
sb 0(r14), r15 ; Store a 1%1

bft-cp-loop:
addui AilI, ARGI, 1
lbu rlS, O(ARGI)
addui r14, r14, 1
subi ATEMP, ATEMP, 1
sb O(r14), r16
bnez ATEMP, bf-cp-loop
nop

bf-done:
addui r14, r14, 1 ; Terminate format string
sb O(r14), ZERO
jr RETADR
addui ATEMP, SP, 8 ; Return pointer to new format string
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_pf.recurse:
3 PRIrTF
sw 11(FP), RETADR

;; Call PRINTF recursively to print the thing pointed to

pair-outt:
lhi r14, (pair-hdr)>>16 ; Print "(pair
ori r14,rl14, (pair.hdr)&Oxf fff
trap 6

nop

;; Set up stack-frame for recursive call
jal _SLLOC
ori ATEMP, ZERO, (FrameSize*2)
sW 3(ATEMP), FP ; Old static chain
or FP,ZERO,ATEMP
addi ATEMP, SP, (FrameSize+1)*4 ; Old SP
s5 7(FP), ATEMP ; /

;; Print thing on left
jal build-.format ; Returns ptr to new string in ATEMP
nop ; k ARGI pting 2 1st chr in old format
or r29, ZERO, ATEMP ; Stash this away for a second
jal -SAVE , Save reg's during recursive call
nop
or ARGI, ZERO, r29 ; Save new format string
lw ARG2,3(ARG2) ; Pass item to print in ARG2
jal _pf.recurse ; Recursive call to printf
nop
jal _PUTCHAR , Put space between items
ori ATEMP, ZERO, Ox20
jal -RESTORE ; Get back our old registers
nOp
;; low do right hand thing
jal build.format Returns ptr to new string in ATEMP
nop ; k ARGi pting 2 ist chr in old format
or r29, ZERO, ATEMP ; Stash this away for a second
jal -SAVE ; Save reg's during recursive call
nop
or ARGI, ZERO,r29 ; Save new format string
lv ARG2,T(ARG2) ; Pass item to print in ARG2
jal _pf.recurse ; Call PRINTF recursively
nOp
jal _PUTCHAR ; Put closing ')'

ori ATEMP, ZERO, 0x29
jal -RESTORE
nop
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;; Finish up
lV SP,7(FP) , Get rid of activation frame.
lV FPI,3(FP) , /
jal shiftem ; Shift args down
nop
j printfloop
addui ARG1, ARGI, 1

pair.hdr.string:
.asciiz "(pair
.align 2

pair.hdr:
. word pair.hdr.mtring

.space 4

;; Call PRINTF recursively to print the list items.
list-out:

jal _PUTCHAR ; Put a 'C(

ori ATEMP, ZERO, 0x28

;; Set up stack-frame for recursive call
jal .SALLOC
ori ATEMP, ZERO, (FrameSize*2)
sw 3(ATEMP), FP ; Old static chain
or FP,ZERO,ATEMP
addi ATEMP, SP, (FrameSize+0)*4 ; Old SP
sw 7(FP), ATEMP ; /

jal build.format ; Returns ptr to new string in ATEMP
nop , & ARGi pting 2 lst chr in old format
or r29,ZERO,ATEMP ; Save ptr to new string in stack slot

beqz ARG2,list-done ; If list is empty, skip loop
nop
j list.nospace ; skip space in front of first item
nop
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list-loop:
jal _PUTCEAR ; Print a space in front of item
ori ATEMP, ZERO, 0x20 ; (in D-slot!)

list.nospace:
jal -SAVE
nop
or ARGIZERO,r29 ; Pass format string in ARGI
lw ARG2,3(AkRG2) ; Pass item to print in ARG2
jal .pf.recurse ; Call PRIITF recursively
nop
jal .,STORE
nop
lw ARG2,7(ARG2)
bnez ARG2,list.loop ; do again if more items in list
nop

list-done:
lw SP,7(FP) ; Get rid of activation frame.
lw FP,3(FP) , /
jal YPUTCHAR ; Print closing ')'

ori ATEMP, ZERO, 0x29
jal shiftem ; Shift args down
nop
j printf.loop
addui ARGI, ARGI, I

;; Call PRINTF recursively to print the vec items.
vec.out:

jai _PUTCHAR ; Put a '#'

ori ATEMP, ZERO, 0x23
jal _PUTCHAR ; Put a '('
ori ATEMP, ZERO, 0x28

;; Set up stack-frame for recursive call
jal .. SALLOC
ori ATEMP, ZERO, (FrameSize*2)
s 3(ATENP), FP ; Old static chain
or FP,ZERO,ATEMP
addi ATEMP, SP. (FrameSize+1)0*4 ; Old SP
sw 7(FP), ATEMP ; /

jal build-format ; Returns ptr to new string in ATEMP
nop , & ARGI pting 2 1st chr in old format
or r28,ZERO,ATEMP ; Save new format string

lw r29, -1(ARG2) ; Get length of vector
beqz r29, vectdone ; If vec is empty, skip loop
nop
j vec.nospace ; skip space in front of first item
nop
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voc.loop:
jal _PUTCHAR ; Print a space in front of item
ors ATEMP, ZERO, Ox20 ; (in D-slot!)

vec..nospace:
jal -SAVE
nop
or ARGI,ZERO,r28 ; Pass format string in ARGI
1w ARG2,3(ARG2) ; Pass item to print in ARG2
jal _pf-recurse ; Call PRINTF recursively
nop

vec-xeturn:
jal -RESTORE
nop
addui ARG2,ARG2,4 ; Advance to next item in vec
subi r29,r29,2 ; do a -tagged- subtract of 1
bnez r29,vec-loop ; do again if more items in vec
nop

vec-ione:
lw SP,7(FP) ; Get rid of activation frame.
lw FP,3(FP) , /
jal _PUTCRAR ; Print closing ')'
ors ATEMP, ZERO, 0x29
jal shiftem ; Shift args down
nop
j printf-loop
addui ARGI, ARGI, 1

;; Call PRIMT recursively to print the thing pointed to
refaout:

lhi r14,(ref.hdr)>>16 ; Print "(ref
orn r14,r14, (refjhdr) &Oxffff
trap 5
nop

;; Set up stack-frame for recursive call
jal _SALLOC
ors ATEMP, ZERO, (FrameSize*2)
or FP,ZERO,ATEKP
sw 3(ATEMP), FP ; Old static chain
addi ATEMP, SP, (FrameSize+l)*4 ; Old SP
51 7(FP), ATENP ; /

jal build-format ; Returns ptr to new string in ATEMP
nop ; & ARGI pting 2 1st chr in old format
or r29, ATEMP, ZERO ; Save new format string

jal -SAVE
or ARGI,ZERO,r29
Iw ARG2,3(ARG2) ; Pass item to print in ARG2
jal _pf-recurse ; Call PRIITP recursively
nop
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1w SPF(FP) ; Get rid of activation frame.
lw FP,3(FP) ; /
jai .J.STORE
mop
jal .PUTCHAR ; Put closing ')'
ori ATENP, ZERO, 0x29
jal shiftem Shift args down
nop
j printf-loop
addui ARG1, ARG1, 1

reathdr-string:
.asciiz "(ret
.align 2

ret.hdr:
w word ref-hdr.string

.align 2

D.8 runtime/prolog.s

The contents of the file runtime/prolog.s:

prolog.s (in comp/backend/runtime)

prolog.s: microFX program prolog. This gets prefixed to every compiled file.

#include "macros.h" /I registername macros, etc */

Execution starts right here!
.global PRINFF

.global STATISTICS
; is needed due to dlxsim bug :-(
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prograa..1:
;; zero regs so that gc stays happy Call reg's have tagged values)
or rl,ZERfl,ZER0
or r2,ZERO3.ZERO
or r3,ZERO,ZER10
or r4,ZERO,ZERO
or r6,ZEROZERO
or rS,ZERO,ZEB.O
or r7.ZERO.ZERfl
or r8,ZERO,ZERO
or r9,ZERO,ZERO
or rlO,ZERO,ZER0
or rII.ZERO.ZER0
or r12,ZERO,ZERO
or r13,ZERO.ZER0
or rI4,ZEROZERO
or r15,ZERO.ZER0
or rlS,ZERO,ZERO
or r17,ZERO,ZERO
or rIS,ZERO,ZER0
or r19,ZER0,ZERO
or r20,ZERO,ZERO
or r2l,ZERO,ZERO
or r22,ZERO.ZERO
or r23,ZERO,ZER0
or r24.ZERO,ZEEX3
or r25,ZERG,ZERO
or r26,ZERO,ZERD
or r27,ZERO,ZERO
or r28,ZERO,ZERO
or r29,ZERO,ZERO
or r30,ZEP.O,ZERO

ja~l -.init...untime ; mit runtine 575
flop

;; Set-up an initial frame to return through
oni ATEMP. ZERO, FrameSize
jai ..ALLOC
flop
or FP, ATENP. ZERO ;FP points to frame

sw 3(FP),ZERO
sy (FP),SP

ihi ATEP, (Print..res)>1e ; place to return to
ori ATEMPATEMP,(print..res)*Oxffi ;
51 I1(FP),ATENP;/
51 16(FP),ZERO
jai -SAVE
flop
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;; jump to START-A through statically-created closure.

lhi ARGO,(start 1closure+1)>>16 ; Get closure to printf

ora ARGO,ARGO,(startl closure+1)kOxffff ; /
1W ATEMP, 3(ARGO) ; Jump to START_1
jr ATEMP
nop

print-res:
;; Print result by calling printf. Recall that the compiler
;; gave us a string "RESULT-FORMAT" which is a printf format
;; for the type of the result. (Reuses activation from from
;; above.)
lhi ATEMP,(print.Jtat)>>16 ; place for printf to return to

ori ATEMP, ATEMP, (print-stat)& Oxffff ; /
sw 1I(FP),ATEMP ; /
lhi ARGO, (printf-closure+1)»>>1 ; Get closure to printf
ora ARGO,ARGO,(printf-closure+1)kOxffff ; /
lhi ARGI,(RESULT.FORNAT)>>6 ; put the format string in ARGi

ora ARGI,ARG1,(RESULTFORMAT)&Oxfff ; /
or ARG2,ZERO,VAL ; put the returned val in ARG2
1W ATEMP, 3(ARGO) ; Jump to printf
jr ATEMP ;
nop

print._stat:
;; Print a couple of new-lines
ori ATEMP, ZERO, 10
jal _PUTCHAR
uop
ori ATEMP. ZERO, 10
jal .PUTCHAR
hop

;; Call STATISTICS to print stat's
lhi ATEKP,(.(EIT)>>6 ; place for stats to return to
ori ATEMP,ATEXP, (.EXIT)&Oxffff ; /
sw 11(FP),ATEMP ; /
lhi ARGO,(stats-closure+I)>>16 ; Get closure to stats printing
orn ARGO, ARGO, (stats._closure+1)&Oxffff
1W ATEMP, 3(ARGO) ; Jump to statistics
jr ATEMP ;
hop

MEIT:
trap 0 "exit" sys call
nop

;; COMPILED CODE STARTS HERE .........................................
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